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Abstract
The results of a combined magnetic fabric and sedimentological investigation of trench and ridge
structures along the foreslope of the Fraser Delta, British Columbia, indicate that turbidity
currents are the likely origin of slope morphology. Evidence includes multiple and repetitive
sequences of graded beds where trench and ridge structures are most pronounced and abundant.
Distal to this region are fewer graded bedding sequences and increased evidence of hemipelagic
deposition. A magnetic fabric analysis of cored sediments supports these conclusions.
Stereographic projections of AMS ellipsoids from graded beds extracted from the mid-slope
display characteristic turbidite relationships, whereas distal cores display hemipelagic
relationships. In addition, a relative paleointensity investigation shows that deposition rates in the
region of turbidite deposition are nearly an order of magnitude greater than at distal cores
dominated by hemipelagic deposition. The results of this investigation suggest a foreslope
sedimentation pattern of quiescent deposition punctuated by turbidite events, and evokes
turbidites as the prime former of anomalous morphology. When analyzed in conjunction with
sedimentological and magnetic results, turbidite influence along the foreslope appears to extend
to

a

depth

of

approximately

130

IV

meter

below

sea

level.
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Introduction
Potentially large submarine landslides (>1 x 10^ m^) along the foreslope of the Fraser
Delta are suspected to pose a tsunamigenic threat to communities bordering the Strait of Georgia
and could potentially damage important infrastructure servicing the greater Vancouver area (Hart
et al., 1998). Morphologic evidence identified with repetitive multi-beam bathymetric surveys
supports this hypothesis. Such evidence includes trench and ridge structures, slumped sediment
deposits, and slope-parallel slide scarps (Figures 1, 2, and 3). Seismicity provides an obvious
triggering mechanism, but the role of various driving forces, such as tidal draw-down, wave
action, interstitial gas expansion, and groundwater seeps, remain undefined.
Recent workers (Schwehr et al., 2006, Schwehr and Tauxe, 2003) employed an
Anisotropy of Magnetic Susceptibility (AMS) fabric analysis as a tool for identifying slope
processes; such as the state of compaction disequilibrium in sediments and slump/creep features,
by documenting the orientation and degree of particle alignment in marine slope sediments. At a
given depth, deviations from the expected compaction state are termed compaction
disequilibrium and can be indicative of slope instabilities or past slope failures (Schwehr et al.,
2006). Given the quick, effective, and non-destructive nature of AMS, as well as its ability to
measure primary depositional fabrics and secondary overprints associated with compaction and
deformation, the appeal and applicability of this technique is obvious. AMS proves especially
useful in fine grained sediments, which under conditions of deposition, compaction, and soft
sediment deformation do not produce commonly observed macroscopic strain indicators. For this
reason an AMS fabric analysis was combined with a paleomagnetic and sedimentological
investigation in an attempt to better understand the varying roles of deposition, compaction and
sediment deformation along the Fraser Delta foreslope.

Seven piston cores ranging from 10-13 meters long were extracted along two transects
that extended from crest to toe of the foreslope and dissected a region of suspect trench and ridge
morphology. Centimeter scale sedimentological descriptions of grain size and sedimentary
structures were made on the cores. Samples taken at ten centimeter intervals were used for
paleomagnetic and AMS analysis. Sediment porosity, major element composition, and magnetic
remanence and susceptibility mineralogy was also determined.
Paleomagnetic techniques were used to re-orient sediment cores and constrain the age of
sediments by comparing relative paleointensity with magnetic field intensity recorded by the
Victoria Magnetic Observatory. AMS fabric analysis of re-oriented cores supported
sedimentological interpretations and was used to examine zones of compaction disequilibrium.
This research resulted from collaboration between the University of Victoria and the
Canadian Geological Survey, known as Victoria Experimental Network Under the Sea, or
VENUS. Together they created an interdisciplinary research initiative aimed at understanding the
marine realm of the Strait of Georgia and surrounding waters. A focus of this initiative is to
identify slope instabilities along the Fraser Delta foreslope and imderstand the driving forces and
triggering mechanisms leading to slope failure. Field work was conducted during the VENUS
cruise 2006002PGC.

Current State of Knowledge of the Fraser Delta
Fraser Delta Genesis
The Fraser Delta is an active Holocene feature prograding into the Strait of Georgia, B.C.
(Figure 1). The delta is characterized as a deep water (locally >200m), mixed tidal-fluvial deltaic
system that is subject to a 5 m spring tidal range and modest wave intensity conditions (Hart et
al., 1998). The delta is the main depositional feature of the 2.5x10^ km^ Fraser Basin, which is
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dominated by mountainous terrain of the British Columbia Coast Range (Hart et ah, 1998). On
average the main stem of the Fraser River transports 70% of the basin’s sediment load (>80%
during peak flow), or about 2x10^ tons/y (Hart et ah, 1998). This load is composed of-65% silt
and clay and -35% sand (Stewart and Tassone, 1989). Much of the sand is deposited along the
tidal flat but may be re-entrained during high-flow conditions, dredging, or as a result of slope
failure (Hart et ah, 1998).
The modem Fraser River Delta began building into the Strait of Georgia approximately
10 kya ago, following the retreat of the Fraser ice sheet (Clague et ah, 1998). Isostatic rebound
proceeding the Fraser Glaciation resulted in a falling sea level that greatly affected the initial
development of the Fraser Delta, most likely resulting in southern progradation of the delta
system (Clague et ah, 1998). By 5 kya sea level had equilibrated and the modem southern reach
extending into Boundary Bay was in place. At this time the northern morphology began to
evolve and develop into its present form. During historical times the river’s path has meandered
between its northern boundary with the Coast Range and the present day river channel, but has
never deviated from a westerly flow direction (Figure 4) (Clague et ah, 1998).
Morphologically, the delta consists of a 7 km wide, east-west trending tidal flat across
which the main Fraser tributary flows (Figure 1). The main stem has been artificially
straightened by a system of levees and jetties since the early 1900’s (Hart et ah, 1998). Seaward
of the tidal flat, the foreslope has been interpreted by Hart et ah (1995) to consist of three distinct
zones. The upper region, or delta front is located at the break in slope of the tidal flat and
descends to a depth of approximately 10 meters. Below this the delta slope falls off steeply at 2
to 3° (locally >7°). At the base of the delta slope the prodelta dips at less than 1° towards the
northwest for a distance greater than 60 km..
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Fraser Delta Sedimentation
Modem sedimentation rates, calculated by detection of atmospheric fallout of Cesium137 have been shown to vary widely along the Fraser river foreslope, largely as a result of
oceanographic circulation and human influence (Figure 5) (Hart et ah, 1998). Near the mouth of
the main channel rates were found to be in excess of 13 cm yr’V At distances greater than 4 km
distal to the channel mouth rates drop to less than 3 cm yr''. South of the channel, in the region
•where cores for this study were collected, rates exceed 10 cm yr'' along the delta front and
decrease to less than 3 cm yr'' at the base of the delta slope (Hart et ah, 1998) (Figure 5). It is
important to note that these sedimentation rates are an order of magnitude greater than those
shown to produce zones of overpressure along other continental margins (Harrison and Summa,
1991).
Sedimentation rates determined with '^’Cesium provide a modern perspective of
foreslope deposition. Hart et al. (1998) also attempted to calculate a simplistic, time averaged
sedimentation rate for the delta. They based this calculation on isopach maps of delta thickness
and an inferred delta age of 11.5 kya. Based on this analysis, long term deposition rates were
found to be 1.3 cm yr'' south of the main channel and 2 cm yr'' to the north.
Lutemauer (1980) found that modem sediment transport along the Fraser Delta foreslope
is predominantly northward. This results from the superior magnitude and duration of the
northward flowing flood tide, as well as the clockwise rotating Coriolis Effect within the Strait of
Georgia that controls the fate of the Fraser River sediment plume. The result of this transport
system is a delta slope dominated by silt and clay to north of the Fraser River mouth and sand to
the south (Lutemauer, 1980; Hart et al., 1998). It is also important to note that near-bottom tidal
currents have been shown to be of sufficient strength to transport sand-sized particles and
produce erosion along the toe of the delta slope (Lutemauer, 1980).
4

Slope Stability and Turbidity Currents
Foreslope Morphology: Indications of Slope Instability and Failure
The Fraser Delta foreslope has been imaged by echo-sounding, high resolution seismic
and sidescan techniques, and repetitive multibeam surveys (Lutenauer and Finn, 1983;
Lutenauer, et ah, 1994; McKenna and Lutenauer, 1987; McKenna et ah, 1992). The result has
been the characterization of delta front morphology and the identification of potential slope
failure deposits and potentially active slope failure features (Figure 1, 2, and 3). Lutemauer and
Finn (1983) identified three main morphological features that confirm both past and present
slope instabilities. These include slope gullies, compressional ridges and sand waves, which were
later reinterpreted as potential slope failure features by Hart et al. (1992) and are now referred to
as trench and ridge morphology.

Slope Gullies- Liquefaction and Channelized Turbidity Currents
Slope gullies are large charmels that disseet the foreslope and descend from the delta
front to the base of the delta slope. These features are restricted to areas immediately below the
mouth of the main channel and south of Sands Head, where the common mouth of three Fraser
River distributary charmels exits the tidal flat (Figures 1, 2, and 3) (Lutemauer and Firm, 1983).
The largest of these features descends from the mouth of the main chaimel and is approximately
500 m wide and 20 to 40 m deep (Lutenauer and Firm, 1983).
Chillarige et al. (1997) concluded that high deposition rates at the mouth of the main
channel result in loosely packed sediments and elevated pore fluid pressures. It was also found
that the expansion of interstitial gases during tidal draw down reduced the effective normal stress
acting on the sediment colunm, leading to conditions suitable for sediment liquefaction and the
initiation of turbidity currents. Given these potentially unstable conditions Chillarige et al. (1997)
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invoked scouring, produced by bed traction during turbidite events, as the mechanism
responsible for slope gully formation.
Evidence of large mass wasting events, imaged with repetitive bathymetric surveys near
the mouth of the main channel was described by McKeima et al. (1992). Between 1970 and 1986
five events resulted in landward retrogression of the delta front of greater than 350 m. The
largest of these events incorporated > 1 xlO^ m^ of slope material. Rapid deposition, resulting in
excess pore pressure is likely a driving force behind these failure events, as are elevated
interstitial sediment gas content, tidal currents, wave intensity, and seismic activity (McKenna et
al., 1992).

Trench and Ridge Features
Hart et al. (1992) described a zone of north-south trending, straight to sinuous crested
trench and ridge bedforms near Sands Head, just south of the main channel slope gullies. The
area was described in further detail by Hill et al. (2006), based upon new multibeam imagery.
The features occupy an area of approximately 6 km^ and occur in water depths ranging from 30
to 185 m depth. In plan view the ridge crests of the features are discontinuous and run parallel to
the slope. In cross-section the ridge to ridge spacing ranges from 50 to 140 m and the trench to
ridge amplitude ranges from 1 to 3 m. The ridges are somewhat arcuate and oriented with the
convex face downslope. The trenches are nearly horizontal, or slightly back-tilted, producing a
step-like morphology in cross section. The features are most distinctly developed and show the
greatest relief along the mid-slope in water depths between 100 to 185 m. Morphologically
similar features have also been observed further south along southern edge, of Roberts Bank
(Figure 3) (Lutenauer and Finn, 1983).
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In plan view the trench and ridge features are truncated by many small furrows (~1 m
relief), which are referenced by the arrows in Figure 3. In some instances the features terminate
against the furrow, yet in other case they continue across, seemingly unaffected. Still others
appear continuous but show a slight, fault-like displacement across the furrow. In addition to the
furrows, two larger gullies dissect the slope (> 5 m relief), displaying a dendritic source
morphology at the crest of the foreslope (Figure 3).
Lutenauer and Finn (1983) interpreted morphologically similar trench and ridge features
along Roberts Bank as sediment waves resulting from bottom tidal currents. Bottom tidal
currents are insufficient in the region of Sand Heads, and the mechanism responsible for these
features remains in question. Based on the presence of discontinuous seismic reflectors Hart et
al. (1992) proposed that these features were the result of rotational sliding. More recently
obtained multibeam imagery caused Christian et al. (1997) to reinterpret the features as resulting
from dovraslope sediment creep.
Sediment waves have been presented as a third possible interpretation of the features.
Normark et al. (2002) observed similar morphologies along the levees of submarine fans at other
deltaic systems. Based on the broad extent of the observed morphology such features would have
to be generated by unconfmed turbidity currents, supposedly generated as hyperpycnal flows
initiated from the sediment laden Fraser River plume. The results of Mulder and Syvitski (1995)
concluded that the suspended sediment load of the Fraser is not capable, even at peak discharge,
of generating hyperpycnal flows. However, more recent work by Parsons et al. (2001) and
McCool and Parsons (2004) invoked a convective mechanism, by which hypopycnal plumes,
such as those generated by the Fraser River, can produce hyperpycnal flows. Measurements of
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suspended sediment along the Fraser Delta foreslope by Meule (2005) validate use of the Parsons
et al. (2001) model.

Foreslope Hills
A third morphologic feature, located in the prodelta and termed the Foreslope Hills, may
support the occurrence of large slope failures along the foreslope (Lutenauer and Firm, 1983).
These features are located in water depths of 230 to 350 m, occupy an area of 60 km^, and are
composed of 20 m high ridges that are > 5 km long. The ridge crests are oriented approximately
north-south and are located at the base of the foreslope. The exact genesis of these features is
debated, and interpretations have ranged from a single mass wasting event to mud diapirs, in situ
rotational failures, creep deformation, and sand waves (Mosher and Thomson, 2002). Based on
seismic surveys of the this region, Lutenauer and Firm (1983) explained the morphology as
resulting from compressional folding following catastrophic failure events along the foreslope.
Mosher and Thomson (2002) reinterpreted their genesis to be sand waves, based on the presence
of tidal currents, which flow normal to the ridge crests and are adequate to transport clay to silt
sized particles.
Coring Transects Relative to Slope Failure Features
The presence of large mass wasting events at the Fraser River submarine canyon head
wall have been imaged (McKenna et al., 1992). The question remains whether slope failure or
gravity currents are acting on the foreslope south of the main channel mouth and to what extent
these factors influence seabed morphology. To address this question a combined
sedimentological, magnetic fabric and paleomagnetic investigation was conducted on sediments
extracted along two coring transects that dissected the anomalous seabed morphology.
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Coring transects were located south of the gully features on the main channel slope and
extended from a water depth of 148.8 m, upslope to a depth 47.6 m (Figure 6). The trench and
ridge structures are bisected by the coring transect, as is a less developed set of slope gully
formations (Figure 3). Slope gullies originate at approximately 75 m below mean sea level
(bmsl) and appear to both bisect and to be bisected by the trench and ridge features. Given this
relationship it appears that the formation of the trench and ridge features both pre- and post-dates
gully formation. A possible explanation for the generation of these gullies is the historically
meandering river mouth, which at times has been located further south than the present day
channel (Figure 4). Alternatively, gullies may be related to erosive traction produced at the base
of turbidity currents.
In addition to sedimentary descriptions, a magnetic fabric and paleomagnetic analysis
was performed on samples from cores extracted from the foreslope. In order to use the samples
magnetic properties to interpret the deformational and depositional processes acting on the
foreslope, magnetic theory needs to be understood. The following section provides the magnetic
background relevant to this investigation.

Magnetic Background
Magnetic Susceptibility
In the presence of low strength magnetic fields (<1 mT) the induced magnetization of any
material, regardless of the type of magnetic behavior, is related linearly to the applied field. The
value which links the two is termed susceptibility (Kj).
Mi=K,jHj .
Where
M = Induced magnetization
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and
H = applied field.
The intensity of the induced magnetization varies by direction. This variation is termed
Anisotropy of Magnetic Susceptibility (AMS) and is typically represented as an ellipsoid
constructed from the maximum (Kmax), intermediate (Kim), and minimum (Kmin) axes of magnetic
susceptibility (Figure 7). Eigenvectors and eigenvalues calculated from the susceptibility tensor
(Kjj)

allow construction of the susceptibility ellipsoid. These eigenparameters correspond to the

direction and magnitude of the induced magnetization along each axis (Richter, 1990; and
Tauxe, 1998).
Shape and Magnetocrystalline Anisotropy
In order to use AMS as a tool for interpreting rock fabrics, an understanding of the type
of single crystal magnetic carriers producing the fabric is required. The two types of grain scale
magnetic behavior that contribute to bulk susceptibility are termed shape and magnetocrystalline
anisotropy, and are described below.
Only the ferrimagnetic iron oxides of the magnetite/titanomagnetite series have bulk
susceptibilities strong enough to produce variations in susceptibility known as shape anisotropy.
As electron spins process, a magnetostatic force is produced that results in north and south
magnetic poles on the surface of the grain (Tarling and Hrouda, 1993). In order to minimize
these forces the poles become aligned as far apart as possible on the surface of the grain. As a
result the maximum susceptibility axis resides parallel to the long axis of titanomagnetite grains,
while the intermediate and minimum axes are located in the perpendicular plane (Figure 8).
All other minerals display magnetocrystalline anisotropy, This t)q)e of anisotropy results
from the alignment of electron spins, which is directly related to the orientation of the mineral’s
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crystal lattice. In these minerals the maximum susceptibility vsdll be found along the “easy axis,”
or the crystallographic axis along which electron spins are most readily aligned (Figure 9).
Magnetocrystalline anisotropy directly follows Neumann’s principle which states that “the
symmetry elements of any physical property of a crystal must include the symmetry elements of
the point group of the crystal (Richter, 1990).”
Whole rock AMS is the sum of all the individual mineral anisotropies and the degree to
which they are preferentially aligned. The susceptibility ellipsoid of a sample displaying a
completely random alignment of magnetic carries would be spherical, regardless of the AMS of
the single crystal magnetic carries present. However, as with more traditional strain indicators,
increased preferential alignment of single crystal magnetic carriers results in a magnetic fabric,
which can be described in terms of lineation and foliation based on the ratios of the principal
susceptibility axes (Figure 10).
Magnetic Fabrics and Single Crystal Anisotropy
In sample, the degree to which individual single crystal anisotropies are aligned controls
the measured susceptibility ellipsoid. To use the susceptibility ellipsoid as a proxy for rock
fabrics, the type of single crystal anisotropies present in sample (shape or crystalline) must first
be determined. For instance, when magnetic behavior is dominated by magnetite, whole rock
AMS will be representative of the sum orientations of the long axes of each individual magnetite
grain (Figure 8). If these grains are randomly aligned the susceptibility ellipsoid for the whole

rock will appear spherical. As the degree of preferred orientation increases, or stated differently,
as fabric development progresses, so will the degree of anisotropy of the susceptibility ellipsoid
(Tarling and Hrouda, 1993).
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A similarly useful relationship holds true for samples that are composed of magnetic
carriers controlled by magnetocrystalline anisotropy (Figure 9). For instance, members of the
sheet silicate mineral family display maximum and intermediate susceptibilities that lie within
the basal cleavage plane, while the minimum susceptibility resides in the perpendicular plane. In
a clay-dominated sample characterized by random packing the susceptibility ellipse will
approximate a sphere. However, if the individual clay grains are subjected to a preferential stress
they will begin to align with their basal cleavage perpendicular to the maximum compression.
The resulting susceptibility ellipse will become more oblate as the maximum and intermediate
axes align in the foliating plane. The minimum axis becomes parallel with the maximum
shortening direction, in effect defining the pole to foliation (Tarling and Hrouda, 1993, Tauxe,
1998).

Primary Fabrics
Fabrics developed during the formation of either sedimentary or igneous rocks are termed
primary fabrics. In detrital sedimentary rocks the development of primary depositional fabric has
been found to be dominated by either gravitational or hydrostatic forces (Tarling and Hrouda,
1993). In quiet water conditions, where deposition occurs solely as the result of gravitational
settling, platy grains and the long axis of more prolate grains come to rest sub-parallel to the
bedding plane. Within the bedding plane no preferred orientation exists, resulting in a nonlineated, oblate AMS ellipsoid. Under these conditions it is t>pical to observe the minimum
susceptibility axis perpendicular to bedding (Figure 11) (Tauxe, 1998).
Under weak to moderate flow conditions (<lcm/s) grains tend to become imbricated,
resulting in a slight shift from subvertical (<10°) of the minimum susceptibility axis in the
direction of flow. This imbrication also has the effect of aligning the long axis of prolate grains,
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resulting in a flow parallel lineation (Figure 12). However, under these conditions the AMS
ellipsoid is still essentially oblate, reflecting the incomplete lineation resulting from sediment
imbrication (Tauxe, 1998).
Once currents become greater than 1 cm/s prolate grains begin to roll and their long axes
become oriented perpendicular to flow direction. As a result, the orientation of the maximum
susceptibility axes align anti-parallel to flow direction, while the axes of maximum susceptibility
lie perpendicular to the flow direction. The resulting AMS ellipsoid defines a lineation that is
anti-parallel to flow and varies from prolate or triaxial (Figure 13) (Tauxe, 1998).
Deposition occurring on an inclined plane under quiet to moderate flow conditions results
in slight augmentations to the above described fabrics. Under quiet water conditions, the
minimum susceptibility axis will become slightly off vertical, yet still perpendicular to bedding,
and the maximum susceptibility axis will become oriented anti-parallel to slope dip (Tauxe,
1998).

Secondary Fabrics
Fabrics that result from either post-depositional or post-formational processes are termed
secondary fabrics and range from initial compaction to high grade metamorphism. AMS has
proven a powerful tool for detecting the presence of secondary fabrics. Previous workers have
demonstrated that AMS is capable of detecting slight augmentations to primary sedimentary
fabrics by processes such as sediment compaction and cryptoslumping, while others have shown
a direct correlation between regional stress trajectories and the orientation of the AMS ellipsoid
(Schwehr and Tauxe, 2003, Pares and van der Pluijm, 2003, Hayman et al, 2004).
The orientation of the minimum susceptibility axis has typically been employed as a tool
for detecting soft sediment deformation (Housen and Kanamatsu, 2003; Schwehr and Tauxe,
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2003). When subjected to stress, this axis tends to rotate into parallelism with the direction of
maximum shortening. In the case of unconsolidated sediments this may result in a change from
the commonly observed relationship of Kmin perpendicular to bedding to one in which Kmin
becomes parallel to the direction of tectonic shortening. It has also been noted that a magnetic
lineation often develops in the direction of maximum extension (Housen et ah, 2003, Schwehr
and Tauxe, 2003). Associated with the reorientation of the axes of susceptibility is a systematic
change of the magnetic fabric from oblate to prolate as the preferred orientation of the magnetic
carriers respond to the external stress field.

Paleomagnetics
Deposit!onal environments are capable of recording the earth’s magnetic field through a
process termed detrital remnant magnetization (DRM) (Tarling and Hrouda, 1993, Tauxe, 1998).
DRM is produced by the alignment of ferrimagnetic material with the earth’s magnetic field at
the time of deposition. This record preserves the direction, and in some cases the intensity, of
the geomagnetic field present at the time of sediment deposition. Such data can then be used to
draw a number of geologic conclusions, including relative paleointensity, sediment age,
paleolatitude, and of particular use to this study, sample re-orientation to geographic coordinates.

Paleosecular Variation and Relative Paleointensity
The position of earth’s magnetic pole and the intensity of its magnetic field varies with
time. A DRM recorded by marine sediments will reflect the position and intensity of the field at
the time of deposition. For the purpose of this study this phenomenon proved useful for
reorienting core sections. Even at the oldest assumed sediment age (see below) the rate at which
the pole position changes proves insignificant. Therefore, cores sections were rotated into
alignment with a time averaged position for the geomagnetic pole obtained from the Victoria
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Magnetic Observatory (VMO), a proximal magnetic observatory that has been in operation since
January 1964.
Of additional use is the relative paleointensity recorded by marine sediments at the time
of deposition. Temporal variations of earth’s magnetic field strength are recorded by sediments
as deposition progresses. Assuming homogeneity of magnetic mineral carriers, this intensity data
can be used to date the age of sediments by stacking measure DRM intensity against field
intensity recorded by the VMO.

Previous AMS Studies
AMS and Sediment Deformation
There are few studies that address soft sediment deformation resulting from shear stresses
at the base of earth flows. This stems largely from the absence of macroscopic strain indicators
traditionally used in strain analyses. Wu (1996) proposed that the free surface where a slide plane
daylights would be subjected to simple shear, while a component of pure shear would be
introduced at increasing depths (Figure 14). AMS provides a tool for analyzing strain in fine
grained materials, thus presenting an opportunity to quantify these relationships. While the
studies discussed below do not deal directly with this type of investigation they can act as a
guide for dealing with deformation in similar media and analogous settings.
The most applicable study to date examined submarine landslides located in the Santa
Barbara Basin, California. These workers employed AMS as a tool for detecting compaction
disequilibrium, defined as any departure, at a given depth, from the expected compaction state
for a body of sediments (Schwehr et al., 2006). The expected compaction state is based upon
empirically derived compaction curves. The results of their research suggest that compaction
disequilibrium may be simply identified with AMS.
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Sediments can become underconsolidated, presumably as a result of increased pore
pressure, or overconsolidated, which may record the removal of overburden. The former case
may be responsible for destabilizing the sediment column by reducing the effective normal
stress. The latter case may be indicative of past landslides, as overlying material is quickly
removed, exposing material which is markedly compact compared to overlying sediments.
AMS is capable of detecting compaction disequilibria by measuring the preferred
orientation of minerals within the sediment column. Pelagic deposition has been shown to be
controlled by electrostatic forces which cause positively charged clay grain edges to be attracted
to negatively charged faces (Figure 15) (Mello and Kamer, 1996). This edge to face packing is
reflected in the AMS ellipsoid as a low degree of anisotropy and more spherical shape fabrics.
As sediment compaction progresses electrostatic forces are overcome by gravitational loading
resulting in face to face clay grain packing. This consolidation is recorded by an increased degree
of anisotropy and the development of a foliated AMS ellipsoid, which displays a relationship of
parallelism between Kmin and the pole to bedding.
The results of Schwehr et al (2006) allude to the applicability of AMS for detecting past
slide planes and suggest that AMS may be used to isolate potential nucleation sites for future
slope failures. In the region of the Fraser Delta this information would help quantify the
likelihood that landslides could produce tsunamis.
In another study , a paleomagnetic/AMS fabric investigation was shown to be capable of
detecting cryptoslumps in consolidated sedimentary rocks from the Ardath Shale Formation of
the La Jolla Group (Schwehr and Tauxe, 2003). Cryptoslumps are defined as slump deposits that
are nearly impossible to detect visually, and can only be identified ^vith excellent outcrop
exposure. These workers proposed that soft sediment deformation may be identified by detecting
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the angular deviation of the minimum susceptibility axis from the pole to bedding. Prior workers
have made similar claims, developing an/factor defined as the angular deviation of Kmin from
the pole to bedding (Shor et al., 1984). Deformed samples could therefore be detected when
f>15°. More recently, Rosenbaum et al. (2000) proposed stricter criteria for undeformed samples
where the average deviation for a sample set would be f<6°, with a standard deviation of less
than 6.5°, from the pole to bedding.
The results of Schwehr and Tauxe (2003) did not support the use of the f factor as a tool
for quantifying sediment deformation. By employing the criteria of Shore et al. (1984) all of the
samples would have been deemed undeformed, but using the criteria of Rosenbaum et al. (2000)
all samples would be considered deformed. Their findings did however elucidate other
particularly useful criteria for the detection of soft sediment deformation. Their results showed
that initially oblate fabrics became triaxial and that preferential alignment increased during
slumping (Figure 16). Concurrently, natural remnant magnetization (NRM) scatter was shown to
increase. The latter observation was restricted to slumps with observable deformation and a set
of quantitative criteria for use as a diagnostic tool were not presented. While insightful, it is clear
from the results of Schwehr and Tauxe (2003) that more work is needed to quantify the role of
fabric change and NRM scatter during soft sediment deformation, and to validate the use of the f
factor as a means for detecting deformed primary fabrics.

Methods
Coring and Sampling Techniques
Cores for this research were extracted as part of the Fraser Delta slope stability and
Georgia Strait seafloor mapping project, Cruise 2006002PGC. The cruise was completed in May
of 2006 aboard the CCGS Vector. Cores were collected with a Bentos piston coring system (see
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below), returned to the Pacific Geoscience Center for processing and then transported to Western
Washington University for description, lab work and analysis.
The shallowest core (Station 065) was extracted from a water depth of 47.6 m below
mean sea level (bmsl), or approximately 35 meters downslope of the foreset/foreslope transition
(Figure 6). The deepest core (Station 058) was extracted from a water depth of 145.6 m bmsl.
Including these two cores, the primary transect consisted of five cores, plus a sixth (Station 066)
located slope parallel to Station 059 for the purpose of correlation. Table 1 lists the depths,
latitude/longitude coordinates and location description for all cores used in this research.
The second transect was located approximately 1000 m south of the first (Figure 6). This
location was chosen due to the presence of the trench and ridge morphology and because it was
less than 200 m south of the mouth of a Fraser River distributary. Two cores were attempted
along this transect, which trended more southerly than the first, at approximately 225°. The
shallower of the two was extracted from a depth of 148.8 m bmsl. A second core was attempted
at a depth of 177.6 m mbsl, but the coring process failed and only partial recovery was made.
The cores were collected from the Fraser Delta foreslope with a Benthos Piston Core.
The main components of this system are the core sleeve, core liner, piston, core barrel, barrel
head, trigger arm, and trigger core (Figures 17, 18 and 19). The core sleeve was 10 meters long,
within which three separate core liners were inserted. Core liners were each 10ft long with a
diameter of 3 inches. Prior to insertion, up arrows and a vertical line were made down the length
of each core liner. This allowed the individual core liners to be aligned vertically and
horizontally, both at the time of coring and back in the lab. In the Benthos Piston Core system a
piston is attached to the base core liner in order to assure the core is not disturbed during
penetration (Figure 20).

18

As the system is lowered towards the sea floor the trigger core, which is attached to the
trigger arm of the core barrel head, hangs below and to the side of the coring system (Figure 18).
In this manner the trigger core comes in to contact with ocean floor first. Once the trigger core
ceases penetrating the subsurface the trigger arm becomes unweighted, releasing the core barrel
and allowing it to free fall under the weight of the barrel head (816 Kg) into the ocean floor.
Finally, a winch is used to extract the entire system from the seafloor and return it to the deck of
the coring vessel.
Once on deck the bottom section of the core sleeve is separated while extra hands stand
by to collect and describe any extruded or degassed core material that may exit the core liners at
their connection point. Once this has been completed and a spatula has cleanly removed excess
core material, the bottommost liner is removed from the core sleeve. Next, the catcher material is
removed and placed in a sample container. A paper towel is placed within the core liner in order
to fill any void that may be left by the catcher and a cap is taped to either end of the liner. It is
also necessary to drill small air holes in the core liner to relieve any pressures generated during
core retrieval (Figure 21). To make core liners easier to manage they are halved into two, five
foot sections, with care being taken to retrieve any excess material that may fall from this new
cut (Figure 22). Both newly exposed ends are then capped, taped and labeled (Figure 23).
The labeling convention employed identified the bottom of the basal core liner as A and
the top of the lowest half as B. This section was then labeled as follows: 2006002PGC Station#
(A-B). The base of the second half of the split core liner was also labeled B, but the opposite end,
or the top of the previously uncut bottom core liner, was labeled C and this new section was
labeled (B-C). This alphabetical labeling convention was continued to the top of core and used
on all cores.

19

Once cores had been returned to the Pacific Geoscience Center lab, each core section was
labeled from the top of each section, decreasing downwards. Consider core section 2006002PGC
Station# (A-B) for example. The B side would be the 0 cm mark and measurements would be
made from this reference towards the A side. Each core section had a maximum length of 153
cm, so the A side can be thought of as being 153 cm below the B side. The next section above
the base core would be labeled in a similar fashion, so that the top of each section was the 0 cm
reference for that particular core section. At a later date, depths below the 0 cm reference at the
top of each section were converted to a depth below seafloor, based on the total length of core
sleeve penetration, and accounting for any extruded material.
After being labeled for depth, core sections were split. This was completed in a two part
process, the first being the splitting of the core liner, the second being physical separation of the
cored material. The liner was split with two circular saw blades attached to separate drill guns
(Figure 24). The core liner was placed in the center of a track along which the drill guns, with
circular blades separated Va in. less than the width of the core liner could travel. The cored
material was then split with a clean steel wire, which was pulled along the cut made by the
circular blades, from the shallow to the deep side of the core.
Once the two core sections were separated digital images were taken at 30 cm intervals of
the entire core (Figure 25). Photos were taken under ultraviolet light, with a Munsell color chart
(#1 for gley) included for reference. After photographing, the cores were wrapped in saran wrap,
place in a sealed plastic tube, labeled, and refrigerated. Cores were then transferred to Western
Washington University for description and sampling.
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Core Description and Sampling
Cores were described at the cm scale. Descriptions concentrated on sediment color,
bioturbation features, deformation features, sedimentary structures, grain sizes, and contact
relationships. Samples were collected for magnetic analysis, major and minor element analysis
and sample porosity determination. Shell fragments were also collected when encountered.
Sampling procedures are described below.
Sampling for magnetic analysis was completed at 10 cm intervals beginning at the top of
each core section. Samples were collected in 8 em^ oriented cubes, which had removable lids and
an 1/8 inch hole drilled in the bottom end (see Figure 26 for orientation convention). In order to
reduce the possibility of inflicting an overprinting deformational fabric each sample was
extracted in a three part process. First, the sample cube was lightly placed in the desired
sampling location in order to make a soft imprint of the sample cubes dimensions on the surface.
Second, the sample cube was removed and a thin spatula (.5 cm side, 4 cm long, <.l cm thick)
was used to pre-cut the sediment in the sampling cube’s dimensions. Finally, the sampling cube
was slid over the pre-cut sediment and extracted (1/8 inch hole allowed air to escape). To prevent
desiccation sample cubes were capped, the air hole was sealed with tape and samples were
refrigerated. Samples were labeled with following convention: Station #, core section, depth
below section top of section. For example, a sample collected 30 cm below the top of the A-B
section of coring Station 067 would be labeled as Station067(A-B)d30. Finally, each cube was
weighed, as the first step in the determination of the weight percent water.
Samples were also collected at 10 cm intervals for XRF and sample porosity analysis.
XRF samples were taken from the same stratigraphic horizon as the magnetic analysis cubes in
order to assure that material could be correlated. This material (~20 grams, wet weight) was
sealed in small zip lock bags, labeled according to the above mentioned convention, and
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refrigerated for future use. Shells and shell fragments were also collected when encountered,
sealed in zip lock bags, labeled, and refrigerated. The labeling convention was similar to that of
other samples in that the depth below the top of the core section was used as a reference. The
only difference being that instead of using the format. Station #/core section/d#, the d was
replaced with a sh to represent that a shell was being collected.

Data
AMS
Low Field Susceptibility
AMS measurements were completed at the Pacific Northwest Paleomagnetism
Laboratory. The lab houses a Kappabridge KLY-3 Spinning Specimen Magnetic Susceptibility
Anisotropy Meter. The KLY-3 has a field intensity of 300 Am'^ and a sensitivity of 3 x 10'* (SI)
for bulk susceptibility and 2 x 10'* (SI) for a spirming specimen. This unit subjects a specimen to
an applied magnetic field and measures the resulting induced magnetization of the sample. The
15 point measuring scheme of Jelinek and Kropacek (1976) is employed to calculate a
susceptibility tensor, which defines an eigenvalue and eigenvector of each axis. This allows the
orientation and intensity of the susceptibility ellipsoid to be determined.

High Field Susceptibility
High field (>1 mT) magnetic susceptibility was measured with a MicroMag 3900
Vibrating Sample Magnetometer (VSM). The MicroMag 3900 has a sensitivity of 1 pemu at 1
second per point and an accuracy of 2% versus the calibration standard. Hysteresis was measured
under an applied field of 5000 Oe that varied at 50 Oe increments with an averaging time of 0.25
s and sensitivity between 50 and 100 memu. During measurements of single remanence, the
applied field, field increment and averaging time were kept constant, while the sensitivity of the
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VSM was increased to 5 to 10 memu. Each sample was demagnetized prior to measuring
remanence, which was completed as a direct current demagnetization remanence.

Th ermosusceptibility
Thermosusceptibility was measured with a Kappabridge CS-T, which has a field intensity
of 300 Am’’ and a sensitivity of 3 x 10'* (SI) for bulk susceptibility and 2 x 10'* (SI) for a
spinning specimen. Samples were heated to 600°C while flushed with a 50 mL/min flow of
argon. This produces an environment that is not conducive to oxidation, thus ensuring that new
minerals are not created during heating that would affect susceptibility. Bulk susceptibility was
measured in 2°C increments during heating and cooling cycles.

Paleomagnetism
Alternating Field Demagnetization
Natural Remanent Magnetization was measured on all cores at 10 cm intervals, beginning
at the sediment/water interface. A cryogenic magnetometer housed at the Western Washington
University Paleomagnetic Laboratory was used for measurements. The instrument was shown to
have an accuracy of ±1.99 x 10'^' Am’^ (Fawcett, 2001). Samples were demagnetized with a D2000 Alternating Field Demagnetizer, which has a bias field of 0.1 mT (for Anhysteretic
Remanent Magnetization (ARM) experiments) and a maximum demagnetizing field of 120 mT.
The demagnetizer works by subjecting a sample to a reversing, anti-parallel magnetic field
applied along the x, y, and z axes of the sample.
NRM was measured prior to demagnetization. This was followed by increasing
demagnetization steps, with measurements being made following each step. It was discovered
that steps at 10, 15,'20, 30, 40, and 50 mT; and occasionally at 70 mT, depending on initial
magnetic intensity, provided a well resolved line for determining the paleomagnetic vector. The
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majority of samples were effectively demagnetized after the 50 mT step. Essentially, these
demagnetization steps were used for the entire sample set.
partial Anhysteretic Remanent Magnetization (pARM)
The D-2000 Alternating Field Demagnetizer is also capable of imparting a magnetic
field, which was used to investigate the partial Anhysteretic Remanent Magnetization of samples
at 3 m intervals, beginning 0.7 m below the sediment/water interface. The procedure imparted a
remanent magnetization, over 10 mT windows between 0 and 80 mT, with a final magnetizing
window applied over a 20 mT increment between 100 to 80 mT. Resulting pARM intensity was
measured following each magnetization step.
ZpARM/XpARM
A second pARM analysis was performed on samples for Stations 057 and 058. The goal
of this analysis was to determine the shape preferred alignment of ferrimagnetic minerals. This
analysis is useful because only ferrimagnetic material will retain a remanent magnetization. This
procedure imparted an external magnetic field along the Z (vertical) and X (horizontal) axes.
Each axis was treated and measured independently and the ratio of induced magnetic strength
was used to determine the preferential alignment of ferrimagnetic carriers.

Victoria Magnetic Observatory
A permanent magnetic observatory, located near Victoria, British Columbia (Geographic
coordinates: 48.52° N, 236.58° E, 197 meters above sea level) has yielded continuous magnetic
observations since January 1964. The observatory operates a Narod ringcore magnetometer, a
Proton Precession Magnetometer and a Declination/Inclination Theodolite, which when
combined are capable of producing orthogonal magnetic field component data with an accuracy
of +/- 10 nT for 95% of reported data. Given the proximity of the VMO to the coring transects.
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the observatory data provide an excellent opportunity to examine paleomagnetic results in light
of a highly resolved magnetic field record. Data processing consisted of time averaging magnetic
observatory data at a monthly time scale.

Seismic Survey
As part of the 2006002 project Venus cruise, researchers from the Pacific Geoscience
Center completed a multitude of seismic transects throughout the Strait of Georgia. Two of the
transects paralleled coring transect 1 (Figure 27). The surveys were completed with a 3.5 kHz
ORE sonar hull-mounted, high-resolution sub-bottom seismic profiler. The ORE system works
by transmitting acoustic energy at 3.5 kHz over 0.5 ms pulse lengths with a triggering rate of 0.5
sec. Energy travels from the ship bottom, through the water column and into the seafloor where it
reflects and is recorded by a ship bottom receiver. Data were collected and processed using
Chesapeake Technology Inc. software, SonarWiz.SBP.
Typically during project VENUS research cruises, a North Star DGPS positioning system
is used to reference seismic data. This system was not working properly during data acquisition
and a combination of standard GPS and post-processed DGPS obtained from the ship log were
used to reference seismic data. Errors resulting from this technical difficulty may be as large as
150 meters.
Acoustic penetration and resolution is controlled by sediment type and the strength and
frequency of the energy source. Along Lines 10 and 11 the maximum penetration observed is
approximately 10 m, which is deeper than any of the cores extracted for this research (Lintern et
al., 2006). Line 10 followed the core transect directly, while Line 11 was located south of and
parallel to the transect (Figures 28 and 29). Approximate station locations, assumed to be
accurate to within 150 m are overlain on Line 10 (Figure 27a).
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The seismic surveys provide a high-resolution view^ of the trench and ridge morphology
described by previous workers (Hart et ah, 1992, Hill et ah, 2006 and Lutenauer and Finn, 1983).
Ridge to ridge wave length averaged 65 meters and ranged between 27 and 135 meters. Ridge to
ridge amplitude averaged 5.2 meters and ranged between 2.1 and 8.5 meters. This morphology
appears best developed between 90 and 140 meters below sea level. These values are similar to
those found by the above mentioned researchers.

Stratigraphic Columns and Core Photos
Stratigraphic columns of each core section were created and are included in the data CD
provided with this thesis as .pdf files. The columns include descriptions of Munsell color, grain
size, sedimentary structure, biogenic activity, shell fragments, core disturbance, moisture level,
and water content, all described at the centimeter scale.
Photos of split cores were taken at a scale of 30 cm and are included in the data CD
provided with this thesis. Photos were taken with a digital camera mounted on a tripod
positioned 18 inches above split core sections. A Munsell Color Chart was included alongside
each photo, as was a measuring stick and identifying label. Photographs were later compiled by
core section and are included alongside the corresponding stratigraphic column, as well as
complete compilations of entire cores.
A CD including fabric corrected AMS data, core photos and stratigraphic columns
accompanies this thesis and can be found in the sleeve in the back leaf

Sedimentary Descriptions
Coring along the Fraser Delta foreslope consisted of two transects intended to penetrate
potential slope failure horizons and past failure features (Figure 6). The first transect trended
west southwest and was located just south of Sands Head Valley. The transect consisted of five
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cores, plus a sixth (Station 066), which was extracted slope parallel to Station 059 as a means of
assessing along-slope sedimentation patterns. The second transect was located further south than
the first. It consisted of two cores; however one of the cores was lost entirely, presumably as a
result of sandy surface conditions. Therefore, the remaining core (Station 057) is the only data
available for studies of seabed conditions south of the primary transect.
The sedimentary characteristics of each core are described below. The primary transect is
described first, starting with the most proximal and continuing to the most distal core. The final
description is of the single core from the failed southern transect.
-Station 065
Station 065, which was retrieved from a depth of 47.6 m bmsl, was the shallowest core
extracted from the foreslope. Coring retrieved 6.9 m of seabed material. Some minor
deformation resulting from the coring process was observed. Thin (> 0.5 cm) expansion cracks,
spaced at ~ 5 cm intervals, were observed from 0.7 to 1.45 meters below the seafloor (mbsf) and
again at 3.86 to 4.41 mbsf, although at this latter depth the deformation was more diffuse, with
thinner expansion and wider spacing between cracks. Gas expansion caused 25 cm loss of cored
material: 10 cm between sections (d-e) and (e-f), and 15 cm between sections (b-c) and (c-d).
Two other zones of deformation were observed at 4.61 and 5.59 mbsf The first showed thin
horizontal fractures, isolated to a vertical extent of ~5 cm, which are interpreted as resulting from
stresses produced during coring. The second is a small area (~3 cm) of what appeared to be
rotated core. The process that would produce this deformation is undetermined.
The upper 2.61 meters of the core is dominated by alternating units of silt, silty sand and
medium grained sand. The units range in thickness from 3 to 43 cm but are more commonly 10
to 15 cm thick. A small amount of organic material was observed in this upper 2.61 m. In a few
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locations organic material appears to be included in the depositional sequence, while at other
locations is bedded at the top of a depositional sequence.
A zone of normally graded beds was encountered at 2.61 meters. The uppermost bed is
24 cm thick and grades from fine grained sand to silt. Underlying this bed are two inversely
graded beds. The upper inversely graded bed, which grades from clay to fine grained sand, is 18
cm thick, while the lower inversely graded bed, which grades from silt to medium grained sand,
is 27 cm thick. Organic material is bedded overlies the basal inversely graded bed.
Below these graded beds are interbedded silt, silty sand and medium grained sand beds,
similar in thickness and character to the upper 2.61 meters. This continues to a depth of 4.12
meters, where three normally graded beds were encountered.
These three graded beds quickly transition from medium grained sand to silt and clay.
Some thin (~.5 cm), fine grained sands are interbedded within the fining section of the graded
beds. Bedding thickness varies from 10 to 16 em. Below the graded beds is a 54 cm thick section
of fine to medium grained sand that is underlain by a 9 cm thick section of medium grained sand.
This medium grained sand is interbedded with thin (~1 cm) lenses of fine grained sand. Below is
a 44 cm thick section of structureless elay that is underlain by a unit similar to the sand that
occurs above.
At 5.28 mbsf is another zone of four graded beds. Each grades from medium grained
sand to silty clay and ranges in thickness from 5 to 11 cm. The basal graded bed is in erosional
contact with an underlying silty clay. Below the silty clay is fine to medium grained sand with
thin interbeds of silt. Gradational contacts characterize this section, as do small amounts of
organic material.
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Station 065 is dominated by fine to medium grained sand, with a small proportion of silt
or silty sand. Expect for two isolated horizons, clay is present only as thin (~1 cm) interbeds
between silt or sand beds. Three zones of graded bedding, consisting of three to four beds apiece,
were observed at depths of 2.61, 4.12 and 5.28 mbsf In the shallowest of these three zones, two
of three graded beds displayed reverse grading. Typically, graded bedding sequences ranged
from medium grained sand to silt, but also ranged from fine grained sand to clay.
-Station 060
Station 060 was retrieved from a depth of 91.2 m bmsl. Coring retrieved 8.36 m of
seabed material. Three major zones of core deformation were observed between 6.43 and 6.96
mbsf, at 7.44 mbsf and at the base of the core. Evidence of core upwarping, produced during the
coring process, was observed in the form of bedding planes bent into a concave downward
symmetry. A fourth zone, located at the top of the uppermost core section, suffered core washout
during core retrieval. Core washout occurs when unconsolidated, highly saturated material is
encountered at the ocean seafloor interface. After the core is retrieved and placed horizontally on
the deck of the ship for storage preparation, the unconsolidated material tends to wash-out. The
top 11 cm of Station 060 suffered this phenomenon. Gas expansion resulted in 30 cm of lost
material between sections (b-c) and (c-d).
At the base of core washout is 17 cm of silt interrupted by a thin (~2 cm) bed of fine
grained sand. Underlying this silt is 3 cm thick clay bed that is conformably overlying additional
silt. This silt constitutes the upper section of rhythmically and conformably bedded silt and sand
(~4 to 5 cm) that continues to the top of a zone of graded beds.
The sequence of graded beds begins at 0,54 mbsf and eontinues to 1.49 mbsf. Within this
zone are five beds, each of which grades from medium grained sand to silt, silty sand, or silty
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clay. The basal contact of all but one of these sequences is erosive. Within this zone are two units
sandwiched between the graded beds. The first occurs at the base of the top three grade beds. It
consists of thin beds (1 to 2 cm) of fine grained sand, silt, and clay. The basal contact with the
underlying graded bed is conformable. Below this next graded bed is a second interbed. This unit
consists of thin (1 to 2 cm) silt and silty sand beds and is of similar character to the first interbed,
except that it is slightly coarser. The basal contact of this unit is erosive with the underlying and
lowest graded bed in this zone.
Between 1.49 and 2.07 mbsf is an extended section of moderately thick (2 to 5 cm) sand,
silty sand, silty clay and clay beds. These beds are in conformable contact with one another. This
is underlain by two graded beds, which range from medium grained sand to silt. The lower
graded bed is in erosional contact with the underlying unit, which extends from 2.18 to 2.48
mbsf and is composed of thin (0.5 to 1 cm) interbeds of sand with clay. This imit conformably
overlies structureless, fine grained sand extending to 2.67 mbsf.
From 2.67 to 3.26 mbsf is a second zone of graded bedding that consists of four beds.
The top bed is 31 cm thick, is inversely graded to 10 cm above its base and normally graded
above and shows a range of grain size from medium grain sand to silty sand. Within this
sequence is a conformable grain size increase and subsequent decrease that occurs 10 cm above
the base of the unit. Below this unit are two more graded beds, both of which range from
medium grained sand to silty sand and are bound on either side by erosive contacts. At the base
of these graded beds is an erosive contact with thin (~ 4 cm) silty clay that lies conformably
above the fourth graded bed. This final graded bed is 8 crri thick and grades from medium
grained sand to clay.
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At the base of this second zone of graded beds is a 2 cm thick clay bed that is underlain
fine grained sand. Below, cored material coarsens to 10 to 20 cm thick beds of medium grained
sand that are interbedded with thin (0.5 to 1 cm) silt and clayey silt beds. This character
continues to 3.68 mbsf, where the unit is in conformable contact with an underlying zone of
graded bedding.
The uppermost graded bed in this third zone is inversely graded and ranges from silt to
medium grained sand. The base of this unit is dominated by organic material and shows a sharp
contact with the underlying graded bed. This underlying unit is one of two normally graded beds
that range from medium grained sand to silty sand, each of which are 10 cm thick.
Underlying the basal graded bed is a 37 cm thick section of silty sand interbedded with a
few thin (2 to 3 cm) seams of fine grained sand. Below this are two more graded beds. The upper
grades from medium grained sand to clayey silt, while the lower grades from fine grained sand to
silty sand. None of the graded beds in this zone is in erosive contact with underlying sediments.
Underlying this third zone of graded bedding, at 4.82 mbsf, is a moderately thick section
of thin (0.2 to 0.5 cm), rhythmically bedded medium grained sand and silt beds. This overlies a
thin graded bed (10 cm) that ranges from medium grained sand to clay. Below is structureless
and highly indurated medium grained sand that overlies silty sand that coarsens slightly upwards.
At 5.58 mbsf is the top of a relatively thick (27 cm) inversely graded bed that ranges from silty
clay to medium grained sand. This unit overlies highly indurated, massively bedded fine grained
sand that is saturated. Below 6.43 mbsf core upwarping was encountered that extended to the
base of the core. From 6.96 to 7.44 mbsf is a small zone that was deemed undeformed and
consists of coarse grained sand erosively overlying a 33 cm thick normally graded bed that
ranges from medium grained sand to clay.
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Station 060 is dominated by fine to medium grained sand, with a small proportion of silt
or silty sand. One bed of coarse grained sand was encountered. With the exception of a thin (~2
cm) bed, clay is present only as thin (~1 cm) interbeds between silt or sand beds ranging in
thickness between 10 and 30 cm. Three zones of graded bedding, consisting of three to four beds
apiece, were observed at depths of 0.54 m, 2.67 m, and 3.68 m. Inverse grading is present at the
top of the third bed. Commonly, graded beds ranged from medium grained sand to silt. A few
beds graded from fine grained sand to silt or clay. Most of the basal contacts in the upper half of
the graded beds appeared to erode the underlying unit, while contacts below 3.17 mbsf all
displayed smooth basal contacts.
-Station 059
Downslope of Station 060, two slope parallel cores. Station 059 and Station 066, were
extracted. Station 059, which is directly in line with the foreslope coring transect at 115 m bmsl,
will be described first. Coring retrieved 8.84 m of seabed material. Coring deformation is present
in the top 80 cm as a result of core washout, as 7 cm zone of localized fracture at 2.79 mbsf, and
as a flame structure that exists throughout the entire basal section of core. It was noted during
extraction that this core was excessively gaseous. Due to gas expansion, 40 cm of material was
lost during core splitting; 20 cm between core sections (e-f) and (d-e), and another 20 cm
between core section (c-d) and (b-c).
The sedimentology of the upper 80 cm of core washout is described below. The top 10
cm is coarse grained sand. This overlies a thick (49 cm) graded bed that ranges from medium
grained sand to silty clay. The bottom 21 cm of core washout alternates between 10 cm thick
beds of medium grained sand and thinner (~3 to 5 cm) silty sand interbeds. This basal unit is
saturated and very loose.
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Beginning at 0.92 mbsf cored material is interpreted as undeformed. At this depth two
graded beds were encountered. The uppermost is 10 cm thick and grades from medium grained
sand to silt. The lower bed is much thicker (49 cm) and grades from medium grained sand to
silty clay. At 1.12 mbsf, at a position within the thicker of the two graded beds is a small amount
of organic material. Below the lower graded bed is a thick (76 cm), structureless section of silty
clay that coarsens down core into thinly (~1 to 2 cm) bedded, fine grained sand and then fines
again to silty clay. Within this unit are shell fragments at 2.07 mbsf Underlying the silty clay is a
thin (7 cm) graded bedding sequence that ranges from fine grained sand to silt and overlies thin
(1.0 to 1.5 cm) interbeds of silt and fine grained sand.
At 2.45 mbsf is an inversely graded bed that ranges from silt to silty sand. Organic
material exists at the base and the mid-point of the bed. This is underlain by medium grained
sand that is interbedded with silt beds of variable thickness (1 to 3 cm). This unit continues to 2.9
mbsf and includes, at 2.79 mbsf, a 7 cm thick zone of fractured core that is interpreted as
resulting from coring deformation. Below this deformation is an additional 7 cm of the medium
grained sand interbedded with silt.
At 2.9 mbsf is a zone of four graded beds, the top three of which are inversely graded.
The upper bed grades over a short distance from silt into a 26 cm thick section of medium
grained sand. The two underlying inversely graded beds are very thin (~2 cm a piece) and range
from very fine grained sand to clay. Organic material iS incorporated within the lower of the two
thin, reverse graded beds. These beds overlie a normally graded bed that ranges from fine
grained sand to silt.
Underlying the zone of graded bedding is 35 cm of silty clay that is thinly (~1 cm)
interbedded with fine grained sand. A thin (> 0.5 cm) bed of organic material is underlain by a 8
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cm thick section of coarse grained sand that is thinly (~1 cm) interbedded with silt. The base of
this unit is in erosional contact with even coarser grained, thickly bedded sand that is highly
indurated, devoid of fines, and is moist to wet. This unit continues to a depth of 4.12 mbsf and
overlies a 13 cm thick section of thinly (1 to 3 cm) interbedded very fine grained sand and silty
clay. This is underlain by 5 cm of structureless medium grained sand.
At 4.3 mbsf is a thick section of repetitive graded beds that extends to 6.89 mbsf This
zone is comprised of seven beds that vary in thickness from 11 to 60 cm. The four uppermost
beds grade from medium grained sand to silt. A small degree of organic material is incorporated
with the coarser grained material of the highest sequence. Below the top four beds, beds grade
from fine grained sand to silt and organic material is seen at the base of the fifth and sixth bed.
Of the seven beds, only the three basal beds are in erosional contact with underlying units.
Underlying the zone of graded beds is a thick section (30 cm) of structureless silt and
clay that imconformably overlies highly indurated and structureless medium grained sand with
silty clay. The characteristics of this unit are unique, as is the low water content. Below is
slightly finer grained silty sand that continues to a depth of 8.14 mbsf Extending to the base of
the core, at 8.84 mbsf, is additional medium grained sand, which is similar to that which overlies
the fine grained silty sand above.
Cored material from Station 059 is dominated by medium to coarse grained sand and
graded beds. Although limited in occurrence, silt and clay beds were observed. The graded
bedding sequences range from medium or coarse grained sand to silt or silty clay. One zone was
comprised of three inversely graded beds and a single normally graded bed. Otherwise, all
graded bedding was normal. Most basal contacts of graded beds were sharp, with only the
bottom three showing erosional contacts with underlying units.
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-Station 066
Slope parallel to Station 059 and taken from a depth of 104.8 m bmsl, Station 066 was
cored in order to examine along-slope variability of sedimentation. Coring retrieved 9.2 meters
of seabed material. Coring-related deformational features were minimal and limited to a narrow
zone of expansion cracks at a depth of 4.66 to 5.09 mbsf that overlies a 37 cm thick zone of
fractured core. Gas expansion also resulted in 40 cm of lost cored material during shipboard
preparation; 15 cm between core sections (d-e) and (e-f), 25 cm between core sections (b-c) and
(c-d), and 2 cm between core sections (a-b) and (b-c).
A thin bed (~2 cm) of fine grained sand is present at the seafloor at Station 066. This
overlies a graded beds that ranges from medium grained sand to silt. The base of the graded bed
is in erosional contact with silty sand. This silty sand may represent the top of a graded bedding
sequence, which extends across the first core section break, and would be part of four sequential
graded beds. Like the top most sequence, this unit grades from medium grained sand to silt. The
upper sequences are 28 and 37 cm thick, respectively. The two basal graded beds are much
thinner (~3 to 5 cm) and grade from fine grained sand to silt. The basal contacts of the upper two
graded beds are erosional, while the lower two are sharp.
Below the zone of graded bedding is a thick section (70 cm) of silty clay with a few thin
(~1 cm) interbeds of fine to very fine grained sand. In conformable contact below is a slightly
thinner (43 cm) unit of fine grained sand that shows slight normal grading. At 2.98 mbsf is a
solitary graded bed, which ranges from medium grained sand to fine grained sand and silt and
appears to be in conformable contact with an underlying 100 cm thick section of silt. A few thin
interbeds of fine grained sand (~3 to 5 cm) and clay (~1 to 2 cm thick) were also observed.
A large section of repetitive graded bedding sequences are encountered between 4.18 and
5.94 mbsf. Ten graded beds are present, the thinnest being 3 cm thick and the largest being 27
35

cm. A small amount of organic material is incorporated into the upper stratigraphic sections of
the fifth and sixth sequence. These graded beds eoincide with a zone of coring deformation
described in the introductory paragraph for Station 066.
Within this large zone of graded beds, two distinct characters are observed. The top six
sequences all grade from medium grained sand to silt or silty clay and range in thickness from 9
to 27 cm. Of the six, four have erosional basal contacts. Below these top six graded beds, a zone
of fractured core is encountered that is 27 cm thick. The four graded beds below are considerably
thinner (3 to 11 cm) and range from fine grained sand to silt. Also, each of the lower graded beds
shows sharp basal contacts.
Below the zone of graded bedding is 13 cm of silty clay that is thinly interbedded (~1.0 to
1.5 cm) with fine grained sand. This overlies a section that has two possible interpretations, the
first being that a 43 cm of fine grained sand and silt is underlain by a 34 cm thick unit of coarse
grained sand. The second would be that this section represents a 78 cm thick graded bed. An
erosive contact is observed at the base of the coarse grained sand.
Below this disputed sequence is a large section of thinly bedded (~1 to 2 cm, infrequently
3 to 5 cm) silty clay. Interrupting this sequence is a 5 cm thick bed of medium grained sand. The
overlying character continues below this thin bed to the base of the core.
Cored material from Station 066 is dominated by fine to medium grained sand. A small
proportion of silt and coarse grained sand was also encountered. Three zones of graded bedding
were encountered, and at a fourth horizon, a single graded bed was observed. Most graded beds
range from medium grained sand to silt, while a few have coarse grained sand incorporated in
their basal material. Erosional basal contacts are most common.
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-Station 067
Station 067 was retrieved from a depth of 136.8 m bmsl. Coring retrieved 7.72 m of
seabed material. Gas expansion cracks were observed from 5.19 to 6.21 mbsf gas expansion
resulted in the loss of 15 cm of cored material during shipboard preparation between core
sections (b-c) and (c-d).
The top 148 cm of seafloor at Station 067 is composed of structureless clay with some
silt. At 0.35 mbsf a shell fragment was encountered. Below and in conformable contact is
structureless silt that extends to a depth of 2.14 mbsf At the base of this silt, grain size coarsens
gradually to fine grained sand for an additional 5 cm.
A thin (2 cm) bed of clay separates the overlying unit from a 20 cm thick graded bed that
ranges from medium grained sand to silt. This bed is in erosional contact with structureless
medium grained sand, which is unique in that it displays little or no fines. Below is 17 cm of silty
clay with some sand. This is underlain by a unit that is similar to the above-mentioned medium
grained sand with no fines, and is in erosional contact with a graded bed.
This graded bed represents the top of four graded beds that extend from 2.81 mbsf to 3.81
mbsf The first and the third bed are overlain by a 21 cm thick section of massively bedded fine
grained sand that is highly indurated and devoid of any pore water. Only one of the four beds is
in erosional contact with the underlying unit. Three of the beds are 20 to 28 cm thick, while the
fourth is 7 cm thick. Each of the bed grades from medium grained sand to silt or silty clay.
Underlying the sequence of graded beds is a thick section of structureless bedded silty
clay that extends to 4.54 mbsf This is underlain by a 45 cm thick graded bed that ranges from
fine grained sand to silt. This bed is in erosional contact with conformably bedded silt and fine
grained sand, through which a zone of gas expansion cracks was observed. At the base of this
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unit is a thick section of conformably bedded silty clay and fine grained sand, which coarsens
down core from silty clay to fine grained sand, then fines to silty clay.
Cored material from Station 067 is notably finer grained than cores extracted further up
slope. Two graded beds were observed, and at a third depth was a singular graded bed. Graded
beds ranged from medium grained sand to silt or, less frequently, silty clay. Overall, Station 067
is characterized by large sections of conformably bedded silt with thin sand lenses and, in a few
locations, structureless clay.
Station 058
Station 058 is the most distal core taken from the primary foreslope transect (Figure 6). It
was extracted from a depth of 145.6 m bmsl and retrieved 5.3 m of seabed material. Core
deformation was observed between 0.98 and 1.8 mbsf in the form of gas expansion cracks.
A 37 cm thick graded bed characterizes the seabed at Station 058. The bed grades from
medium grained sand to clay and is in sharp contact with the underlying silty clay. A shell
fragment was incorporated within the coarser grained basal material of the section. A thick
section of silty clay underlies the graded bed and extends across multiple core sections, to a
depth of 3.06 mbsf Conformable contacts characterize this section, which fines slightly down
core into clay and then coarsens slightly in the bottom 40 cm, where thin (~1 to 2 cm) sand
lenses were observed. Shell fragments were encountered 0.95, 1.47, and 2.05 mbsf, as was a thin
bed of organics, dominated by wood fragments, observed at 0.47 mbsf.
Conformably xmderlying the silty clay is a 22 cm thick graded bed that ranges fi-om
medium grained sand to clay. The base of the graded bed is in erosional contact with
conformably bedded silt and silty sand, which fines to clay and extends to 3.86 mbsf Below the
clay is an additional graded bed that ranges from medium grained sand to clay. This graded bed
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is in erosional contact with the underlying clay unit, which extends to the base of the core but is
interrupted by three moderately thick beds of fine grained sand. Both the upper and lower
contacts of these sand beds appear warped and are interpreted as either flame structures or as
load casts.
Station 058 is dominated by silt and silty clay. Clay is also present in much larger
proportions than in any of the other coring locations so far described. Only three, isolated graded
beds were encountered. No repetitive zones of graded bedding were observed. Each of the
graded beds ranged from medium grained sand to clay. Shell fragments were also more common
than in proximal cores. Generally, Station 058 was the finest grained of all the cores in the
primary foreslope transect.
Station 057
Station 057 is the only successful core taken from the transect attempted south of the
primary transect. The second core, attempted distal to Station 057, was unsuccessful, presumably
as a result of sandy seabed conditions. Station 057 was extracted from 148.8 m bmsl and
retrieved 5.75 m of seabed material. A small zone of gas expansion cracks was observed between
1.35 and 1.65 mbsf
The top 32 cm consists of thinly bedded (~ 0.5 to 1.5 em) silty clay interrupted by a few
thin (-0.5 to 1 cm) sand interbeds. Organic material was observed at the base of these beds at
0.16 and 0.25 mbsf This unit conformably overlies a graded bed, which is the first in a zone of
three graded beds extending from 0.32 to 1.25 mbsf Each grades from fine grained sand to clay,
while only the middle bed is in erosional contact with the underlying unit. A small amoimt of
organic material is included in the coarse grained fraction of the lowest graded bed.
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Below the zone of graded bedding, core character is dominated by alternating sequences
of thick, structureless clay and silt beds. These units are conformably bedded and show no
evidence of sedimentary structures. This pattern was observed from 1.26 to 2.79 mbsf. At 2.79
mbsf the character coarsens slightly to thinly bedded (~1 cm) sandy silt that is interbedded with
fine grained sand. This continues for 20 cm, then returns to silt for another 20 cm. Below is 20
cm of clay, which overlies 25 cm of sandy silt that is interbedded with thin (~1 cm) sand beds.
The character of the core then becomes homogenous, consisting of silty clay with thin (-.5 cm)
fine grained sand interbeds extending to the base of the core.
Other than a single zone of graded bedding. Station 057 consisted almost exclusively of
silt or silty clay. Thin interbeds of sand were also encountered, as were three, moderately thick
clay deposits. Of all cores extracted. Station 057 is the finest grained and most homogeneous.

Other Data
Weight Percent Water
Down core moisture content data was obtained to aid in identifying zones of
overconsolidation and underconsolidation, after Schwehr et al. (2006). AMS sample cubes were
weighed immediately following sampling. After completion of all magnetic techniques, cubes
were placed in a drying oven at 41°C for 12 hours. The dried cubes were then re-weighed,
allowing determination of sample porosity.
XRFData
A major element analysis was completed on select samples from Stations 058 and 067.
Samples were selected for analysis based on observed changes in dovsmhole magnetic coercivity.
Figures 30 and 31 show the downhole position of the samples chosen plotted on the curve of
magnetic coercivity for each respective core.
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The analysis was completed at the Washington State University Geo Analytical
Laboratory using a ThermoARL Advant'XP+ sequential X-ray fluorescence spectrometer. The
unit is capable of analyzing 10 major, 10 minor, and 18 trace elements. For the purpose of this
study special interest was paid to changing manganese, iron, and sulfur content, as these can act
as signatures for diagenetic redox reactions that may alter magnetic behavior. A more detailed
discussion of these results is included below.

Results and Discussion
Sedimentary Environment Interpretation
Sedimentation along the foreslope of the Fraser Delta, as recorded by sediment cores
extracted for this research appears to be dominated by hemipelagic and turbiditic deposition. At
least in the vicinity of coring transects completed for this research, gravity currents certainly play
a large role based on the prevalence of graded bedding sequences encountered. However, thick
packages of conformably bedded clay, silt, and sand were also encountered. Given that tidal
currents within the Strait of Georgia are, at times, sufficient to transport sand sized particles it
must be considered that gravitational settling of the Fraser plume, hemipelagic deposition of
suspended sediment within the Strait of Georgia and tidally driven bottom currents are all
potential sources for foreslope sedimentation.
Graded bedding is most prevalent along the mid-slope of the Fraser Delta between depths
of 91.2 and 115 mbsl. At Stations 059 and 060 there were 19 and 18 graded beds observed,
respectively. These were concentrated into three distinct zones. At Station 065, located further
upslope, eleven graded beds, also concentrated into three distinct zones, were observed. This
decrease may be explained as a result of gravity currents being initiated in the vicinity of Station
065, but not recorded this high along the foreslope. This is supported by the observation that the
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first graded bed is encountered at 2.61 mbsf at Station 065, as compared to 0.54 mbsf and 0.10
mbsf at Stations 060 and 059, respectively.
The downslope extent of gravity currents does not appear to be limited to the area
sampled by the coring transects, but does become less common at the distal reaches. Seven
graded beds were encountered at Station 067, which like mid-slope cores, were concentrated in
to three distinct zones. However, fewer graded beds comprised each zone and the grain size of
the coarsest fraction was decreased. At the most distal core, only three isolated graded beds were
encountered, which had an even finer grain fraction than that seen at Station 067.
Overall, grain size increases in the region of the midslope. At Station 065, located at a
position near the crest of the foreslope, the predominant grain size is medium grained sand.
Additionally, all graded beds at this location range from medium grained sand or finer. Further
downslope, first at Station 060, and then in larger proportions at Station 059, coarse grained sand
is encovmtered. Graded beds also incorporate coarse grained sand. This trend is reversed as you
near the toe of the foreslope and a decrease in the dominant grain size is observed at Stations
067, 058 and 057.

Magnetic Mineralogy
In any investigation utilizing AMS, the minerals producing the magnetic signal, as well
as the magnetic domain size of these minerals must first be determined. This is necessary to
determine how the AMS ellipsoid should be interpreted. For example, as desribed above, in the
case of multi-domain magnetite the AMS ellipsoid can be interpreted as representing a grain
preferred orientation, while the AMS ellipsoid in other minerals is produced by latticed preferred
orientation. Furthermore, certain minerals and domain sizes can confuse the interpretation of the
AMS ellipsoid as a result of an inverse relationship between the axes of susceptibility and the
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grain or lattice preferred orientation (see the inverse/intermediate fabrics discussion). Finally,
determination of the magnetic mineralogy aides the interpretation of paleomagnetic data. The
following laboratory techniques were implemented to determine the physical properties of
magnetic carriers and elucidate their type and domain size.
Thermosusceptibility
To assist in determining magnetic mineralogy of marine sediments, a high temperature
thermo-magnetic susceptibility investigation was completed on select samples from Stations 057,
058 and 067. All samples showed a marked decrease in susceptibility between 560 to 580 °C
(Figure 32). This corresponds closely with the Curie temperature of magnetite, which leads us to
suspect that magnetite is the dominant ferrimagnetic carrier in these samples.
It is also important to note that no decrease in susceptibility is observed in the
temperature range of 300 °C. Iron sulfide minerals such as greigite and pyrrhotite, which are
typically produced during formation of a secondary Chemical Remanent Magnetization (CRM),
have Curie temperatures at this lower temperature. The absence of this thermo-magnetic
signature indicates a CRM overprint is unlikely and that magnetic behavior can be attributed to
magnetite.
Low Field Susceptibility
Bulk magnetic susceptibility is a function of the type of material, the domain state of the
material, and the ratio of contributing materials responsible for producing magnetic susceptibility
(Tarling and Hrouda, 1993). Given this relationship, bulk magnetic susceptibility can be useful
when determining the magnetic carrier producing magnetic behavior. Figure 33 lists typical
susceptibilities for common geologic material.

43

Bulk susceptibility proved homogenous across all cores and samples, further supporting
the hypothesis that magnetic behavior is controlled by magnetite. Figure 34 shows a histogram of
bulk susceptibility produced from all 494 samples analyzed. Bulk susceptibility of 93% of
samples ranged from 1.2x10'^ to 1.7x10'^ SI. Because these susceptibility values are below 1
xlO'^, and because thermosusceptibility results suggest the presence of magnetite, it is likely that
magnetic carriers present in sample are an admixture of paramagnetic minerals (such as clay) and
ferrimagnetic trace minerals (such as magnetite).
High Field Susceptibility
Another especially useful relationship for determining magnetic carrier is behavior in the
presence of a high strength magnetic field. Ferrimagnetic material becomes magnetically
saturated in the presence of a high strength magnetic field, resulting in no increased
susceptibility as magnetic field strength increases. This behavior is not observed in paramagnetic
or diamagnetic materials. Increased susceptibility at high field strengths is produced solely by the
paramagnetic or diamagnetic fraction of a sample. This behavior provides a means by which the
separate contributions of each type of magnetic material to bulk susceptibility may be
determined.
High field magnetic parameters measured (Ms,Mrs,Hc,Hcr, Khf) with the Micromag 3900
VSM were fairly consistent across all of the samples. All sample became magnetically saturated
(Ms) between 0.0704 and 0.3190 emu with mean Ms= 0.1295 emu. Magnetic remanent
saturation (Mrs) for all samples were between 0.00753 and 0.02310 emu with a mean Mrs =
0.01384 emu. Magnetic coercivity (He) for all samples was found to be between 173.7 and 754.5
Oe with a mean Hc=^ 338.1 Oe. Remanent coercivity (Her) for all samples was between 589.2
and 1510.9 Oe with mean Her = 860.6 Oe.
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The results of the high field analysis support a mixing model for magnetic material
present in sample. The high field slope is positive, which suggests that paramagnetic minerals
contribute to high field susceptibility. This also suggests that diamagnetic minerals are either
absent or are present in trace quantities not affecting magnetic behavior.
The degree to which paramagnetic material controls magnetic behavior is best examined
by plotting high field susceptibility over low field susceptibility. This ratio varies little across all
samples, as can be seen in a histogram of Khf/Kif (Figure 35). The contribution of paramagnetic
contribution to bulk susceptibility ranges from 7 to 20 percent, with the dominant range
occurring between 12 and 18 percent.
It is also useful to examine high field susceptibility in relation to areas of turbidite and
hemipelagic deposition. A reasonable assumption would be that areas dominated by hemipelagic
deposition should show increased paramagnetic susceptibility as a result of their increased clay
content. Figures 36 and 37 plot high field susceptibility downhole, organized by turbiditic and
hemipelagic deposition, respectively, as determined by sedimentary description, AMS fabric
analysis and deposition rates (see AMS Fabrics; Distinguishing Between Pelagic and Turbiditic
Deposition and Magnetic Intensity as a Tool for Determining Deposition Rates).
Susceptibility is largely consistent downhole in both environments, with the only
difference being slightly increased data scatter associated with turbidite deposition. However,
this scatter plots within the same range of susceptibilities as the hemipelagic zone. It may be that
slight changes in magnetic mineralogy result in cores that are dominated by turbiditic deposition
interbedded with periods of relative hemipelagic quiescence, but that these changes are
indiscernible and do not alter magnetic behavior.
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A final use of the Micromag VSM 3900 is to examine the magnetic hysteresis behavior
of samples. The shape of hysteresis loops is diagnostic of the magnetic domain-state (Dunlop,
2002). As the shape of the hysteresis loop is determined by the type of magnetic carrier present it
is worth noting that all samples display a classic ferrimagnetic shape (Figure 38). This further
helps support a mixing model for magnetic carries, where ferrimagnetic material is the main
contributor and, while present, paramagnetic material is only a minor contributor.
The results of the high field investigation suggest that AMS results do not need to be
corrected for dovmhole changes to magnetic mineralogy, or for variations in deposition style,
and that the contribution of paramagnetic minerals to bulk susceptibility is minimal.

Determining Magnetic Domain State and Inferred Grain Size
pARM Analysis
In order to determine our samples magnetic domain state and inferred grain size, both of
which can affect magnetic behavior, a pARM analysis was performed. The pARM analysis
allowed us to determine magnetic coercivity, which is a measure of how susceptible a sample is
to acquiring a magnetization. Coercevity is a function of domain state and grain size. Completed
at 3 m intervals on all cores, the pARM analysis provided domain state and inferred grain size
information at all cores and depths (Jackson et al, 1988 and Tarling and Hrouda, 1993) (Figure
39).
Two distinct behaviors were identified, with two variations on both. The most prevalent
behavior corresponds to magnetic material ranging in grain size between 2 to 3 pm (Tarling and
Hrouda, 1993), identified by a bell shaped plot with peak induced magnetic moment occurring
over the 30 to 20 mT magnetization window. A single sample displayed peak magnetic moment
over the 20 to 10 mT magnetization window.
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Two variations of the bell shaped behavior were observed. In the first, following peak
magnetic moment intensity decreased steadily as the magnetizing window increased, and is
referred to as bell shaped without a tail (Figure 40a). In the second, magnetic moment decreased
steadily until a small spike in induced magnetization was observed at the final magnetizing
window of 100 to 80 mT (Figure 40b). This behavior is referred to as bell shaped with a tail. The
grain size of magnetic material coerced over this high field window is approximately 0.1 pm.
The second type of pARM behavior observed was less prevalent, being seen in only 6 of
20 samples analyzed. This behavior corresponds to magnetic material ranging in grain size from
5 to 25 pm (Tarling and Hrouda, 1993) and plots as a continually decreasing slope from the
initial magnetizing window of 10 to 0 mT (Figure 41a). As in the bell shaped pARM behavior, a
spike was seen in three of six samples at the 100 to 80 magnetizing window (Figure 41b). These
samples will be referred to as a ramp with a tail, while the remainder will be referred to as a
ramp with no tail.
While these two types of magnetic behaviors appear distinct from one another, the
magnetic moment induced in the ramp behavior is concentrated in the same grain size range as
the bell shaped behavior. In both types of ramp behavior the magnetic moment produced is
nearly as strong over the 30 to 20 mT magnetizing window as the 10 to 0 mT magnetizing
window. This suggests that a range of particle sizes are present, but that 2 to 3 pm size grains are
the most common.
Day Plots
Day plots (Day et al., 1977) were developed to determine the domain state of
ferrimagnetic grains based on the ratios of Mrs / Ms (saturation magnetization/saturation remanent
magnetization) versus HctJHc (remanent coercivity/coercivity) (Dunlop, 2002). Saturation
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magnetization is the value of induced magnetization, above which an increase in applied field
does not result in increased magnetization. Saturation remanent magnetization is the value of
magnetic moment remaining after the sample has been magnetically saturated and the applied
field removed. This value is a direct result of the amount of ferrimagnetic material present in
sample.
In a perfectly homogeneous sample of single domain grains, neither polarity nor induced
magnetization will change until the applied field reaches coercivity. This results in a square
hysteresis loop, as an antipodal, equal intensity field is needed to reverse magnetization. In
multi-domain grains a small increase in the applied field intensity results in an increased induced
magnetization. This behavior is a direct result of the progressive alignment of individual domains
with the applied field as field strength increases. At saturation (Ms) all domains are aligned with
the applied field and just as in single domain material, no magnetic response will be observed
with an increase of the applied field strength.
When samples were plotted on Day Plots it was foimd that all samples, from both
hemipelagic (Figure 42) and turbiditic environments (Figure 43) plotted in the pseudo-single
domain field, along the single domain/multi-domain mixing curve. This indicates that a mixture
of both single and multi-domain grain sizes is present. The data falls between the 60 to 80% .
multi-domain range, but is mostly concentrated around 80% multi-domain.

Paleomagnetism
Demagnetization behavior and the resulting paleomagnetic vectors were well behaved
and uniform for all samples. This behavior did not deviate with depth or between cores. Figure
44 shows orthogonal plots of demagnetization paths for samples taken from separate cores and at
varying depths below the seafloor. Each sample has been rotated to geographic north. The
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horizontal component of the vector is defined by solid blue circles, while the vertical component
of the vector is defined by open black circles.
As is expected for young marine sediments, a single vector component, which was best
defined over the 15 to 50 mT demagnetization window, was identified. Two small tails were
commonly observed at either end of this vector. The first occurred between initial NRM and 15
mT, and can be seen in all three samples presented in Figure 44. The second tail, which was less
pronounced, was observed after the majority of magnetic intensity had been lost. This typically
occurred after the 50 mT demagnetization step, but in samples with higher initial NRM
intensities would be observed after the 70 mT step. Both tails were semi-aligned with the best
defined magnetic vector, which suggests that deviant magnetic behavior is the result of a slight
magnetic overprint, related to sample transport or produced by a post-depositional Chemical
Remanent Magnetization (CRM) or Viscous Remanent Magnetization (VRM).
Initial NRM intensity varied only slightly across all cores and showed little variations
when plotted downhole (Figures 45 and 46). By the 90 mT demagnetization step all samples had
been completely demagnetized, while the average sample showed little remaining NRM intensity
following the 70 mT demagnetization step.
For paleomagnetic studies it is common for multiple samples to be taken from a single
location. The individual vectors determined for each sample are then used to determine an
average vector that defines the paleomagnetic vector for that location. For this research it was
only possible to extract single samples from a given depositional horizon. In order to add
statistical robustness and to reorient core sections to in-situ orientation, each core section was
treated as a single location. Given the geologically short window of time over which sediments
in a 153 cm long core section could have been deposited it is reasonable to approximate an
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average declination and inclination for each core section. This technique is discussed further in
the following section.

Core Rotations
In order to relate AMS fabric analysis to deformational and depositional processes acting
on the Fraser Delta foreslope it was necessary to realign each core section to pre-coring, in-situ
orientation. Rotation of individual core sections during coring and sampling resulted in
inconsistent sampling orientations from section to section and from core to core (Table 2). To
address this issue the Fisherian mean of the best resolved paleomagnetic vector was calculated
for all samples from a core section (Figure 47). The mean declination was then rotated into
alignment with an averaged declination, which corresponded to the duration of data collection at
the VMO. The justification and procedure for this technique is elaborated below.
Minimal paleosecular variation would have resulted during the short duration of time
over which a 153 cm long core section would have been deposited (15 years at a deposition rate
of 10 cm/year to 118 years at a deposition rate of 1.3 cm/year). As a result, it was deemed
reasonable to treat all samples from a core section as a single site. The Fisherian derived
declination and inclination calculated for each cores section could then be used as the basis for
determining the amount of rotation necessary to reorient paleomagnetic and AMS data.
The azimuth direction chosen for reorientation was the average of the entirety of the
VMO Data. Data from the VMO are available from January 1964 until the time of coring.
During this time, declination ranged from 18.5' to 22.2°, for an average of 21.1°, and inclination
ranged from 69.8° to 70.5°, for an average of 70.2°. Again, following the assumption that a small
degree of paleosecular variation has occurred over the duration of the VMO record, and the
corresponding short depositional window recorded by each core, it is reasonable to align the
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Fisherian mean declination for each core section with the average VMO declination of 21.1°
(Figure 48).
By this method a factor of rota;tion was determined for each core section. This factor was
then used to rotate all Fisherian means for each core section to the common declination. Figure
49 shows stereographic projections of the rotated data and the Fisherian mean declination and
inclination for this rotated data. Also included is the alpha 95 value, the K value, the number of
data points (N) and whether or not the data set is Fisherian. The rotated paleomagnetic vectors
agree well with the VMO field average, as can be seen by the inclination for six of seven cores,
which deviate by less than 9° from expected. This behavior exemplifies the fidelity of foreslope
sediments as paleomagnetic recorders and the applicability of this technique for core
reorientation. Station 066, which is the only anomalous core with respect to paleomagnetic
behavior may have experienced inclination shallowing, or possibly sediment deformation, as
interpreted from its Fisherian average inclination of 34° (Figure 49).
The degree of alignment with the expected magnetic field vector for reoriented
paleomagnetic data supports our technique for reorientation, as well as the application of the
rotation factor to AMS data. All fabric corrected susceptibility axes were rotated by the rotation
factor for the core section from which the sample was extracted. Further validation for this
technique was observed during analysis of the AMS fabrics (See AMS Fabrics for more
information).

AMS Results
Results ofAMS Fabric Analysis
An analysis of raw AMS fabric data proved convoluted. A first order assumption is that
Kmin will be observed perpendicular to the bedding plane, or subvertical. Downhole plots of Kmin
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show that this relationship is not observed (Figure 50 and 51). Sections of the core display
shallowly plunging Kmin axes, the remainder were subvertical (Stations 060 and 059), or samples
appear to alternate randomly between subvertical to shallowly plunging kmin axis orientation
(Stations 057, 058, 060, 065, 067). Station 066 proved to be an exception with nearly all kmin
axes oriented subvertical.
Previous workers have postulated that the commonly observed relationships between the
susceptibility axes and grain preferred and lattice preferred orientation can become inverted
(Rouchette et al., 1999). Given the observations of the raw AMS data an investigation into the
potential presence of inverse and intermediate fabrics was completed.

Inverse and Intermediate Fabrics
Shallowly Plunging Kmin Axes
If a significant population of single-domain magnetite grains comprise a sample’s
magnetic carriers, an inverse relationship between the axes of the susceptibility ellipsoid and
grain preferred or lattice preferred orientation is produced (Figure 52) (Rochette et al., 1999).
This occurs as a result of the null magnetic susceptibility found along the magnetic easy axis of
such grains, producing a situation where the maximum susceptibility change is observed parallel
to the minimum susceptibility axis.
Alternately, the mixing of two separate magnetic components, where one exhibits a
normal magnetic fabric, and the other inverse, can produce what is termed an intermediate
magnetic fabric. Figure 53 from Rouchette et al. (1999) exemplifies this relationship. In step two
of Figure 53, a “false” normal fabric is produced, where Ky and Kx are interchanged. A “true”
intermediate fabric is produced in step three, where Kx is interchanged for Kz.
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Criteria have been presented which allows the identification of these unconventional
relationships, as well as methods from correcting for these affects in order to use the magnetic
ellipsoid as a proxy for grain preferred or lattice preferred orientation (Rochette et al., 1999). As
a first order assumption it is reasonable to suspect samples deposited in environments with water
currents less than 2 cm/s, and that have Kmin<40° as being produced by inverse magnetic fabrics.
In the same environment, samples that have Kmin and Kmax < 40° can be suspected as resulting
from intermediate magnetic fabrics. An alternative interpretation for these magnetic fabrics
would be that all fabrics are “normal” and that anomalous susceptibility ellipsoid orientation is
produced by coring or sediment deformation processes. If this were the case it would be expected
that similar fabrics relationships would be imaged by additional fabric parameters, such as
remanence anisotropy.
Results of ZpARM/XpARM Analysis - Remanence Anisotropy
To determine whether intermediate or inverse fabrics should be expected for anomalous
susceptibility ellipsoid orientations, a bi-directional investigation of the partial anhysteretic
remanent magnetization (pARM) for samples from Stations 057 and 058 was completed. This
analysis measures the orientation of remanence bearing magnetite in two separate steps, the first
along the X, or horizontal axis and the second along the Z, or vertical axis. Since this procedure
analyzes remanence, not susceptibility, the potential for grain orientation to be confused by
inverse or intermediate fabrics is eliminated.
Station 057 and 058 were chosen because they display a mix of suspected normal,
inverse, and intermediate AMS fabric behaviors and were representative of the AMS results seen
at all stations. After samples had been demagnetized during paleomagnetic analysis, the D-2000
A.F demagnetizer was used, with a bias field of 0.05 mT and a demagnetizing field of 100 mT,
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to impart a magnetizing field over a window of 15 to 50 mT. This window was chosen because it
corresponds to the best resolved paleomagnetic vector for the majority of samples. This
procedure was completed along both the X and Z axes, with the induced remanent magnetization
being measured independently, and complete demagnetization occurring between each axis
treatment.
Since we were able to establish magnetite as the predominant magnetic carrier in our
samples the ratio of induced remanent magnetization intensity of Z/X can serve as a proxy for
the orientation of the long axis of the shape-preferred susceptibility ellipsoid, which describes the
orientation of magnetite grains in these sediments. If the majority of magnetite is oriented with
the long axis subvertical then induced remanent magnetization intensity will be strongest along
the Z axis, or Z/X>1. Conversely, if the long axis is oriented subhorizontal the induced remanent
magnetization will be strongest along the X axis, or Z/X<1.
The results of this analysis show that all samples from Station 058 and 73% of samples
from Station 057 plot in the Z/X<1 field (Figure 54). This eliminates the possibility that
vertically oriented magnetite is producing shallowly inclined Kmin axes. Therefore, it is unlikely
that anonialous AMS ellipsoid orientations are the result of coring deformation and are likely the
result of inverse magnetic fabrics.
Correcting for Inverse and Intermediate Fabrics
For the purpose of this study samples that were observed to have Kmin < 40° and Kmax >
40° were identified as inverse magnetic fabrics and Kmax and Kmin were inverted. In samples
where Kmax and Kmin < 40° intermediate magnetic fabrics were suspected and Kmt was
substituted for Kmin (Table 3). Both of these corrections had the effect of steepening the
inclination of Kmin, which is expected for clay-rich samples.
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Cores extracted from turbiditic environments (Stations 059,060,066 and 067) displayed a
transition from normal to inverse fabrics between 4.0 to 6.5 mbsf (Figure 55). A limited number
of intermediate fabrics were observed randomly interspersed. At Stations 057 and 058, where
deposition appears to be dominated by hemipelagic deposition, a shallow zone of normal fabrics
was observed above 1.1 and 0.70 mbsf, respectively. Underlying samples displayed normal,
intermediate or inverse fabrics that were randomly interspersed with respect to depth, but were
predominantly normal or intermediate. Inverse fabrics comprised about one sixth of the samples
in this zone (Figure 56). Station 066 was the only core that displayed nearly exclusive normal
magnetic fabrics. All but two shallow samples displayed normal behavior, and of these, one was
deemed intermediate and the other inverse (Figure 57).
A possible explanation for the difference in magnetic fabric behavior could be that the
onset of inverse and/or intermediate fabrics may be related to time dependent authigenic or
diagenetic changes in the sediment column. If we follow the assumptions for turbiditic
deposition rates, the onset of these fabrics can be assumed to be initiated between 45 to 65 years.
Similarly, the hemipelagic onset would occur between 54 to 85 years. Further support for this
hypothesis may be found when examining the results the major element analysis.

Diagenetic Redox Reactions
Discussion of Type and Processes
Previous workers have suggested that authigenic and diagenetic changes in the sediment
column are associated with the boundary between reducing and oxidizing conditions (Lyle, 1983,
Schwartz et al., 1996, Wilson et ah, 1986). Iron, manganese, and sulfides/sulfates, which can
become soluble under reducing conditions, have the potential to migrate through the sediment
column. Once these soluble elements reach oxidizing conditions they precipitate, resulting in
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horizons enriched in these elements. It may also be that a reducing environment would result in
decreased magnetic domain size as iron, manganese, and sulfide bearing minerals are dissolved.
The effect of these processes have been shown to result in adjustments to magnetic behavior
need to be accounted for if magnetic results are to be reliable applied to the interpretation of
physical processes.
Further complicating the interpretation of magnetic data is the heterogeneous nature of
redox boundary conditions that develop in settings characterized by turbidite deposition. In areas
of relatively quiescent deposition the redox boundary can remain equilibrated, as the downward
diffusion of oxygen is matched by overlying sedimentation. The result is a relatively static depth
for the redox boimdary below the surface.
In contrast, turbidite deposition is characterized by rapid additions of sediment. This may
result in stratified zones of oxidizing and reducing sediment conditions. A simple model of
decreasing oxygen content with depth may not be valid. An additional layer of variability is the
presence of groundwater seams along the Fraser Delta Foreslope (Hill, 2006). Not only would
the oxygen content of these seams affect redox conditions, so could the chemical composition of
the water.
In order to evaluate this effect and appropriately analyze magnetic data, a major element
analysis was completed on samples from Stations 058 and 067. These cores were chosen based
on two parameters: a decrease in downhole magnetic coercivity and the fact that these cores are
representative of the two depositional environments postulated by this research.
Figures 58 and 59 show the results of this analysis for sulfides/sulfates, represented by
SO'^, iron and manganese, all plotted over aluminum for Stations 058 and 067. Presented
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alongside these results are downhole magnetic coercivity and Kmin inclination with magnetic
fabric type.
An initial spike in manganese is seen at 55 cm at Station 058 and 95 cm at Station 067. In
both of these cores it appears that a rough relationship between this spike and the initiation of
intermediate fabrics exists. A less well defined Fe spike is seen at 115 cm and 325 cm,
respectively, which corresponds well with the onset of static coercivity values and the first
observed inverse magnetic fabrics.
Iron is not soluble in the presence of S'^, which may render the results of the iron analysis
suspect, especially at Station 058 where sulfide/sulfate concentrations were more than twice that
seen at Station 067 (Schwartz et al., 1997). At Station 067, a steady decrease of sulfide/sulfate
concentration with depth makes the plausibility of upward migrating iron more likely.
A possible effect of a reducing environment is that domain size may decrease, resulting
in an increased occurrence of inverse magnetic fabrics. Support for this argument can be foimd in
the increased occurrence of inversed fabric with depth, seen in almost all cores.

AMS Fabrics
Distinguishing Between Pelagic and Turbiditic Deposition with AMS Fabrics
Based on observations of grain size and sedimentary structures, the location of cores
along the foreslope, and the results of the relative paleointensity analysis, it is suspected that
deposition along the foreslope is dominated by periods of relative quiescent, hemipelagic
deposition punctuated by episodic turbidite events. To evaluate this hypothesis an AMS fabric
analysis was completed on select samples from sections of cores interpreted to represent periods
of hemipelagic and turbiditic deposition. Figure 60 shows the location and interpreted
depositional style of the chosen cores. Only portions of each core were selected for analysis.
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based on the above mentioned criteria, since both depositional styles were observed in all cores.
Stratigraphic columns from the chosen cores and highlights the areas selected for analysis
(Figures 61, 62 and 63).
Figure 64 presents the compiled hemipelagic deposition data on two, side-by-side equal
area stereographic projections. The stereograph on the left presents all data from the portion of
the core interpreted to represent hemipelagic deposition. Ki„t, which is commonly not utilized in
magnetic fabric analysis, has been removed for clarity. Kmin is plotted as red circles while K^ax is
plotted as blue squares. The stereonets on the right show mean orientation for each axis,
including Kjnt plotted as a green triangle, along with their corresponding circles of confidence.
For undeformed and unaltered sediments deposited under calm water conditions two axes
relationships can be expected. For Kmin, the data should cluster near vertical and not be streaked
in any direction. Kmax should plot sub-horizontally and show no preferential orientation within
the horizontal plane. When examining the raw data (Figure 64) it appears that the latter of the
two requirements is upheld. However, while the mean of Kmin plots sub-vertically the data are
slightly streaked, trending north-south. It may be that this streaking is related to the documented
bottom currents, related to counter clockwise currents in the Strait of Georgia, which flow
perpendicular to the fall line of the foreslope. This may produce a slight preferential alignment of
the Kmin axis, and is further supported by the mean orientation of the Kmax axis perpendicular to
this proposed flow direction.
Figure 65 presents the compiled turbiditic deposition data in a similar fashion as the
previous hemipelagic data. For undeformed and unaltered sediments deposited under flow
conditions greater than 1 cm/s two axes relationships can be expected. For Kmin, the data should
be streaked in the direction of flow and Kmax should plot sub-horizontally and be preferentially
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clustered perpendicular to flow direction. Assuming turbidity currents flow perpendicular to the
foreslope contours then the expected Kmin streak should be approximately ESE by WNW while
Kmax should cluster perpendicular to this lineation.
The raw data show a eorrelation with the expected pattern for both Kmin and Kmax- The
streak of the Kmin circle of confidence aligns with the fall line of the foreslope, while Kmax axes
cluster preferentially in the horizontal plane, perpendicular to the fall line. Only a slight deviation
from expected is observed, where mean Kmax plots SSW where a SSE orientation would be more
expected.
Again, a possible explanation for this streaking may be the doeumented bottom currents,
observed flowing perpendicular to the foreslope and related to counter cloekwise eurrents in the
Strait of Georgia. This may produce a skewed alignment of the Kmax axes, especially in the finer
grained portion of the graded bedding sequences that would be greater affected by the counter
clockwise currents. It may also be that the resolution of our analysis, as well as the error
introdueed during core rotations is not eapable of resolving flowing direetion at a scale greater
than the lO’s of degrees. This may be a reasonable deduetion, especially in light of additional
relationships.
Field Verification for AMS Fabric Corrections
Field verification of our AMS fabric corrections is possible when viewed in relation to
zones of hemipelagie and turbiditie deposition. Included in Figure 66 is a second stereographic
projection of the same hemipelagie data prior to manipulations applied to address the presence of
inverse and intermediate magnetic fabrics. These uncorrected data plot with much more scatter
and the patterns expeeted for sediments deposited in hemipelagie environments are not observed.
While the mean of Kmin plots sub-vertically the cirele of eonfidence is much larger than for the
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corrected data. When examining the raw data many shallowly dipping Kmin axes are observed.
The raw data for Kmax also exhibits many inclined axes. Furthermore, if the assumption of
bottom currents along the foreslope is accurate then the streaked nature of Kmin and the mean
orientation of Kmax for the uncorrected data do not support this assumption.
Similarly, Figure 67 shows a stereographic projection of turbiditic data prior to
inverse/intermediate fabric manipulations. These uncorrected data plot with much more scatter
and the patterns expected for sediments deposited in turbiditic environments are not as finely
resolved. While the streak of the Kmin circle of confidence is correctly oriented and is more
greatly streaked, many shallow and nearly perpendicular to expected data points are observed.
The raw data for Kmax also exhibits many non-shallowly oriented axes that do not plot where
expected.
Additional support for the AMS fabric analysis is provided by sedimentary descriptions,
grain size and relative paleointensity analysis, and the position along the foreslope from which
individual cores were extracted.

Sediment Deformation
As described earlier, the work of Schwehr et al. (2006) indicates that zones of
overconsolidation and underconsolidation can be readily identified by analyzing the AMS
susceptibility ellipsoid. This study proposed to validate this technique by comparing downhole
anisotropy against correlative sample porosity plots.
Sample porosity was calculated by the following equation:
n = Wtotal/ > = (Mwater/M,otal)/(MtotalA^)

where:
ri = percent porosity
Wtotal = Bulk Water Content
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) = Bulk Density
Mwater = mass of interstitial water
Mtotai “ Mass of water + Mass of dry
V = Volume
Zones of increased or decreased water content were identified by plotting a normal
consolidation curve, empirically derived for fine grained turbidite sequences (Davis and
Elderfield, 2005) along with porosity data. The equation for the normal consolidation curve is a
follows:
a = 0.84z'*^^
where:
a = porosity
and
z = depth
Figure 68 shows sample porosity data for Station 060, along with the normal
consolidation curve. For Station 060, which displays representative porosity for all cores, it ean
be seen that all samples would be considered underconsolidated by employing the normal
consolidation curve. To address this issue the eonsolidation equation was adjusted to provide a
better fit with porosity data. The equation presented below had the effect of reducing the
expected porosity, but did not change the shape of the curve with depth and produced a good fit.
a = 2.4z"*^^
Typically, calculations of sediment porosity are completed utilizing a gas pychnometer.
This allows all voids in a sample, plus all interstitial pore space to be accounted. A gas
pychnometer was not available, but AMS sample cubes, which are designed to select a constant
internal volume of 8 cm^, were used to approximate sample volume. However, in some cases
AMS sample cubes were not entirely filled during sampling. In order to eliminate potentially
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erroneous porosity caleulations resulting from incorrect volume assumptions, samples were
filtered based on weight.
Sample filtering was completed by calculating the standard deviation of total weight for
all samples from a core. Samples that fell outside the range of mean total weight +/- one standard
deviation were excluded from the porosity calculation. An exception was made for samples
which fell outside the upper bounds of the filter, based on the assumption that no cubes were
filled beyond eube volume. Filtering was effective in that samples eliminated had excessive
weight discrepancies and could be confidently assumed to be the result of variations in sample
volume. However, porosity data cannot be eonsidered absolute and is only used for the purpose
of identifying zones of grossly elevated or decreased porosity. This may be responsible for
decreased sample porosities, observed with respect to the normal consolidation curve of Davis
and Elderfield (2005).
To examine the relationship between magnetic anisotropy and porosity, downhole plots
of the principal susceptibility axes were constructed (Figures 67-73). In these plots the
eigenvalue for each K axis is represented. As anisotropy increases so does the deviance of Kmin
and Kmax- Decreased anisotropy plots with Kmi„ and Kmax approaching one another. Increased
foliation is plotted by Ki„t approaching Kmax, where as increased lineation is plotted by Kim
approaching KminFor analysis, anisotropy plots were examined and zones of increased and decreased
anisotropy, relative to overlying samples, were highlighted. These areas were then examined
alongside plots of sample porosity and correlations between anisotropy and porosity were
attempted.
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As can be seen from these plots, no concrete observations can be made. Multiple
examples of positive and negative relationships are observed. It follows that either anisotropy is
not capable of recording compaction disequilibrium in this setting or other variables are
responsible for producing anisotropy and/or reduced or elevated porosity states.
An obvious variable for which we must account is lithology. Both porosity, as a result of
variable pore void ratios and packing arrangements, and anisotropy, as a result of varying
mineral anisotropies, have the potential to affect the anisotropy/porosity relationship and could
potentially vary with lithology.
To examine the effect of varying lithology, stratigraphic columns were included
alongside anisotropy/porosity plots (Figures 67 to 73). Assuming porosity is controlled by
lithology, rather than compaction, a first order assumption would be that zones of elevated
porosity will correspond to coarser grained lithologies and decreased porosity will correspond to
fine grained lithologies. As was observed for anisotropy and porosity, both positive and negative
examples of this relationship are observed.
Because we are unable to relate porosity with anisotropy, the ability of our AMS fabric
analysis to identifying sediment deformation must be deemed questionable at best. In the absence
of an observed sediment unconformity or deformational feature, the resolution of the AMS fabric
analysis is not sufficient, or the variables too numerous, to attribute anisotropy variations solely
to compaction state. Elevated deposition rates and groundwater seeps, both proposed factors
along the foreslope, may produce highly variable compaction states that show variance greater
than the resolution of the AMS fabric analysis. Additionally, interfingering hemipelagic,
turbiditic and possibly alluvial deposition may be producing a highly variable AMS signal that is
difficult to decipher. The primary result of this analysis is to show the importance of variable
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control when attempting to identify compaction disequilibrium or sediment deformation with an
AMS fabric analysis.

Magnetic Intensity as a Tool for Determining Deposition Rates
Paleointensity and Victoria Magnetic Observatory Data
Temporal variations of earth’s magnetic field, termed secular variation, include changes
to the position of the magnetic pole, and variations in field intensity. Magnetic field data
analyzed from the Victoria Magnetic Observatory (VMO) displayed some of these variations,
which proved useful for analyzing the magnetic signature of foreslope sediments.
Over the life of the VMO the position of the magnetic pole has altered slightly, and in a
uniform fashion. As a result, the magnetic vector has remained nearly uniform, with little
adjustment to declination or inclination. However, during the same time interval, field intensity
has varied, and when plotted against time a significant change in slope is observed at
approximately 250, 370 and 450 months before present (Figure 74). Because of this relationship
an investigation of the relative paleointensity, as recorded by foreslope sediments, was
performed.
Paleointensity has long been exploited to aid in the quantification of the geomagnetic
field (Tarling and Hourda, 1993, Tauxe et al., 1995). While much work has been completed
determining the intensity of the geomagnetie field by calculating paleointensity, a limited body
of work exists that has attempted to apply magnetic intensity data available from modern
magnetic observatories to the relative intensities determined from modern sediments. By this
method we have attempted to determine deposition rates and make inferences about depositional
style along the foreslope.
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When measured in sediments, initial magnetic intensity can be altered due to postdepositipnal additions to NRM intensity by Chemical Remanent Magnetization (CRM) or
Viscous Remanent Magnetization (VRM). CRM and VRM alter original magnetic intensity as a
result of the addition of new magnetic material carrying its own remanence, or by the time
dependent alignment of magnetic domains with the magnetic field vector. In the event that the
original and secondary intensity vector are separated by a geologically significant period of time,
and as a result, the orientation of the paleomagnetic field has changed significantly, then it may
be possible to produce a situation that is best visualized as vector subtraction, where the net
magnetic intensity vector is less than the original (Figure 75a). If the new magnetic intensity
vector is in line with the previous, as can be expected for sediments deposited during a short time
interval, the resulting magnetic intensity vector will be greater than the original (76b).
NRM intensity recorded by sediments depends on both the concentration of magnetic
minerals, and on the aligning torque produced by the geomagnetic field. In order to estimate the
paleointensity of the geomagnetic field from sediments (Tauxe et al., 1995), the NRM intensity
must be normalized by some measure of magnetic mineral concentration. As a result,
geomagnetic field intensity derived from sediments is termed “relative paleointensity.” The
following discussion addresses the process by which NRM normalization was accomplished and
“relative paleointensity” of foreslope sediments was accomplished.
Treating Magnetic Intensity Data to Reflect Magnetic Field Strength at the Time of
Deposition
Since magnetic intensity is recorded by ferrimagnetic carriers it must first be
demonstrated that intensity variations are not the product of alterations to the type of magnetic
carriers present. This can occur in sedimentary environments when a CRM is produced as a
result of post-depositional mineral formation or as variations in sediment type.
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Magnetic techniques have been developed that allow the magnetic intensity of a sample
to be analyzed in terms of the contributing components to magnetic intensity (Tauxe et al., 1995;
Jackson et al., 1988). One technique is to isolate the magnetic intensity that corresponds to the
best resolved magnetic vector, which for the majority of our samples occurred over a
demagnetizing window of 15 to 50 mT. By isolating this window the data are essentially treated
to only examine the magnetic intensity data that corresponds to the initial DRM.
It is also necessary to eliminate the possibility that variable magnetic mineralogy is
responsible for producing changes in magnetic intensity. This was accomplished by plotting
downhole variations of low and high field susceptibility against the partial Anhysteretic
Remenant Magnetization intensity (pARM intensity]5.50) that corresponds to the best defined
paleomagnetic vector and was validated by the pseudo-Thellier paleointensity determination (see
below). Changing magnetic mineralogy is well imaged by changing low and high field
susceptibilities, and when compared to pARM intensity] 5.50 will elucidate zones of magnetic
mineral alteration that correspond to changes in magnetic intensity. The result of this analysis
show that little perceptible change is observed in low or high field susceptibility, and that no
consistent pattern is observed that corresponds to alterations in magnetic intensity (Figures 76).
Once CRM influence and magnetic carrier homogeneity had been quantified, the effect
on intensity tfom post-depositional VRM needs to be addressed. A pseudo-Thellier technique,
proposed by Tauxe et al. (1995) allows the determination of relative paleointensity, plus it allows
contributions to magnetic intensity from VRM to be separated from the DRM. This technique
analyzes the linear relationship between NRM lost versus pARM gained, and assumes that
additional magnetic intensity produced by a VRM will be normalized by the controlled addition
of pARM intensity in a laboratory environment.
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The process works by first determining NRM intensity. The sample is then demagnetized,
with intensity measured between each successive step. A pARM is then induced in the sample,
’ over equivalent magnetization windows, with intensity measured between each step. When
plotted, the contribution to magnetic intensity due to VRM will be reflected as a non-linear
relationship, where as the window that corresponds to relative intensity will plot linearly.
Figure 77 show the result of this analysis for sample 060efd70. This result is
representative of the behavior observed for all samples analyzed. From this plot it can be seen
that the behavior is predominantly linear. However, best fit lines determined by the least squares
method show that superior linearity is exhibited over the 15 to 50 mT window, as indicated by a
larger r^ value, than by the entire demagnetization/ magnetization window. Small variations can
be seen in the initial 0 to 15 mT steps, as well at the higher magnetizations windows. For this
reason, and because paleomagnetic analysis indicated that the best resolved magnetic vector was
determined over the 15 to 50 mT window, vector subtraction was employed between the 15 to 50
' mT pARM intensity on all samples. NRM intensity 15.50 was then normalized by the PARM15.50
intensity window to determine relative paleointensity (Figure 78 and 79).
Victoria Magnetic Observatory Data and Assumed Foreslope Deposition Rates
Once magnetic intensity could be confidently presumed to approximate paleofield
intensity at the time of deposition, data from the Victoria Magnetic Observatory analyzed. Data
is provided in X, Y, and Z components and total field strength, which enables a magnetic vector
to be determined. Little change was noted along any individual axis, or in the vector orientation
over the duration of data collection. Varying magnetic field intensity was observed over the
duration of data collection.
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To determine the expected magnetic field intensity at a given depth observatory field
intensity data were plotted against depth, assuming deposition rates that ranged from 1.3 to 10
cm/yr (Hart et al., 1998). This produced a graph of expected magnetic intensity, at a given depth,
for a specific deposition rate (Figure 80). Deposition rates greater than 5 cm/yr produced a
steeply dipping and linear downhole trend for magnetic intensity, while rates less than 5 cm/yr
show a trend that dips shallowly and arcuately, and gradually steepens to near vertical towards
the end of the observatory record.
Field Verifying the Method Using Coring Transects
If magnetic intensities recorded in the cores are examined in relation to their position
along the foreslope an interesting pattern is observed. The maximum deposition rate can be
expected to be near the crest of the foreslope and within submarine channels that bisect the
foreslope. Figure 81 shows magnetic relative paleointensity data, as NRMis-so/pARM 15.50,
plotted downhole for all cores, along with expected magnetic intensity at depth for the presumed
range of foreslope deposition rates. Relative paleointensity data is presented with the core that is
most proximal to the foreslope crest in the upper left, while each core to the right and down is
arranged with increasing distance from the foreslope crest.
A qualitative comparative analysis of this data set suggests proximal rates of deposition
of approximately 10 cm/yr near the foreslope crest and throughout the mid-slope (at Stations
065, 060, 066, 059 and 067). At the two most distal cores. Stations 057 and 058, the relative
paleointensity plots display trends that would be expected with slower deposition rates. Given
that this is the expected depositional pattern along the foreslope this observation serves to
provide field verification for using NRMi5-5o/pARM
time-averaged deposition rates along the foreslope.

68

15.50

intensity as a tool for approximating

Another “way to examine this data set is in relation to the distal extent of turbidity currents
traveling down the foreslope. Again, qualitative comparative analysis shows the deposition rates
on the order of 10 cm/yr to persist downslope along the foreslope at least as far as Station 067. If
turbidity currents are the main catalyst for accelerated deposition rates then this can be assumed
to be the maximum lateral extent of turbidite influence. It follows that stations 057 and 058 may
be dominated by slower paced, hemipelagic deposition. This conclusion is supported by the
results of the sedimentological and AMS fabric investigation. Figure 82 shows the Fraser Delta
with an overlay that approximates the lateral extent of turbidite influence as determined by
relative paleointensity.
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Conclusion
A combined magnetic fabric and sedimentological investigation of anomalous trench and
ridges structures along the foreslope of the Fraser Delta has shown that turbidity currents are the
dominant process shaping morphology. Multiple and repetitive sequences of graded beds are
concentrated in cores extracted from the region where trench and ridge structures are most
pronounced. Distal to this region are decreased graded bedding sequences and increased
evidence of hemipelagic deposition.
Magnetic fabrics support the conclusions of the sedimentological investigation.
Stereographic projections of the AMS ellipsoid from graded bedding sequences extracted from
the mid-slope display characteristic turbidite relationships, where as distal cores display
hemipelagic relationships. In addition, a relative paleointensity investigation was able to show
that deposition rates in the region of turbiditic deposition are nearly an order of magnitude of
greater than at distal cores dominated by hemipelagic deposition.
Finally, the results of a compaction disequilibrium analysis using magnetic fabrics and
sedimentary descriptions proved inconclusive. No sedimentological evidence for slumping or
rotational slope failures, unconformities, or other sedimentary deformation features were
encoimtered. Magnetic fabric techniques proposed by Schwehr et al. (2006) for identifying over
and underconsolidated sediments were found to be insufficient to deal with the range of variables
potentially affecting sediment state along the foreslope. In light of these results, it is concluded
that in the region of the foreslope from which the cores for this research were extracted, no
evidence for slope failure was encountered.
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Figure 1. The Fraser River flows southwest across the Fraser Delta plain, currently exiting at
a point near Sand Heads. The delta has been prograding into the Strait of Georgia since
retreat of the Fraser Ice Sheet, approximately 10 kya (Clague et ah, 1998). The black box
denotes an area along the delta front which is suspected to be subject to slope failure.
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Figure 2. Potential slope failure features have been imaged by multi-beam bathymetric
surveys along the Fraser Delta foreslope (Lutenauer and Finn, 1983; Lutenauer, et ah, 1994;
and Lutenauer, 1987). Box A highlights trench and ridge morphology imaged in an area
referred to as the Roberts Bank Failure Complex. This research focused on trench and ridge
morphology highlighted in Box B, just south of Sand Heads and the submarine canyons
associated with the main arm of the Fraser River.
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Figure 3. In plan view, images generated by multi-beam bathymetric surveys of the foreslope
near Sands Head reveal the presence of Trench and Ridge morphology (Inset A). When
viewed at a larger scale, many small furrows are observed (indicated by arrows included with
Inset B), which both cut, and are cut by the Trench and Ridge features. Additionally, the
north and south furrows demarked by the arrows have been identified as gullies with relief of
approximately 5 meters. Inset C provides a rotated (90° clockwise) oblique view of foreslope.
The box included in Inset C highlights the approximate extent of Inset B (Hill et al., 2006).
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Figure 4. The modem course of the main Fraser River channel has been fixed to a northwest
to westerly flow path. The river has occupied its present day channel since the 1930’s,
following construction of the Steveston Jettie (Hart et ah, 1998).
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Figure 5. Deposition rates along the Fraser delta foreslope determined from fallout of
atmospheric ^^’Cesium. Rates in excessive of 10 cm/yr are seen in the region aroimd Sand
Heads Valley, from delta crest to toe, as well as extending north, resulting from the strong
flood tidal currents acting upon the Fraser Plume (Hart et al., 1998)

79

Figure 6. Location map showing the position along the foreslope from which cores were
extracted. The core labeling convention is described in the text.
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Figure 7. The shape of the AMS susceptibility ellipsoid is defined by the maximum (Kmax),
intermediate (Kmin), and minimum (Kmin) values of magnetic susceptibility. The axes are
defined by the 15 point susceptibility tensor after Jelinek and Kropacek (1976).

81

Figure 8. Minerals of the titanomagnetite family exhibit shape anisotropy, where Kmax is
parallel to the long axis of the grain. This physical process results from magnetostatic forces
that are minimized when the poles of K^ax are positioned at a maximum distance apart
(Richter, 1992).
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Figure 9. Magnetic anisotropy of all mineral families, excluding the titanomagnetite, is
controlled by the orientation of the crystal lattice, which is known as magnetocrystalline
anisotropy. In the example above, mica is characterized by Kmin parallel to the [001] axis,
while Kmax and Kint both lie in the basal cleavage plane along the [100] and [010] axes,
respectively. (Richter, 1992).
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Figure 10. The axes of susceptibility have been shown to correlate well the axes of strain and
can be defined by commonly used equations for structural lineaments and foliations.
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Figure 11. Under quiet water conditions platy grains lie flat, while prolate grains lie with
their long axis, within the bedding plane. This results in a susceptibility ellipse which is
characterized by clustered Kmin axes perpendicular to bedding and a girdle of Kmax randomly
spread in the bedding plane (Tauxe, 1998).
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Figure 12. Under moderate flow conditions (<lcm/s) grains become imbricated in the
upstream direction. Kmin rotates slightly upstream from perpendicular to bedding. Prolate
grains begin to align parallel to flow direction as defined by Kmax (Tauxe, 1998).
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High velocity flow

Figure 13. Under high veloeity flow eonditions (>1 em/s) grains begin to roll causing K^ax to
cluster perpendicular to flow and Kmm to streak parallel to flow (Tauxe, 1998).
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Figure 14. The cartoon above diagrams hypothesized stresses acting on the basal slide plane
of a slope that is experiencing, or is susceptible to slope failure events. At the toe of the slide
the orientation of the principal stress is parallel to the ground surface, resulting in a slide
plane that is oriented towards the land surface. Further upslope the principal stress rotates
towards vertical, creating a sub-horizontal slide plane. At the head of the slide the principal
stress becomes sub-vertical, resulting in steeply dipping, down slope slide plane. (Wu, 1996).
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Figure 15. The schematic above shows the degree of preferred alignment of the principal
susceptibility axis throughout the sediment column examined by Schwehr et al. (2006). Areas
of minimal alignment are interpreted as representing edge-to-face-contacts of clay grains,
where as zones of increased preferred alignment are interpreted as resulting from clay grains
which are characterized by face-to-face contacts. The causes for each of the clay packing
arrangements are examined in the text.
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Best fit eigenvectors

Figure 16. Stereonet plot showing the increased preferred alignment of the principal
susceptibility axes observed in undeformed, cryptoslmnped and slumped deposits from
consolidated sedimentary rocks from the Ardath Shale Formation of the La Jolla Group
(Schwehr and Tauxe, 2003).
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Transect 1
Core #

MBSL

Latitude

Longitude

65
60
59
67

47.6
91.2
115
136.8

49.088378
49.087753
49.086056
49.085250

-123.318955
-123.325568
-123.331270
-123.336538

58

145.6

49.084486

123.341433
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Transect 2
Core #

104.8

49.086650

-123.328148

MBSL

Latitude

Longitude

57

148.8

49.047741

-123.310583

Description
Near top of
Foreslope
Mid-slope
Mid-slope
Mid-slope
Near base of
Foreslope
Slope Parallel to
stn059
Description
Only successful
core of transect.
Base of foreslope.

Table 1. The depth (in meters below mean sea level (mbsl)), location, and position
description of each core extracted from the Fraser Delta foreslope. The table is organized by
the two coring transects completed parallel to the fall line of the foreslope.
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Figure 17. Visual description of the Benthos Piston Coring system. In A the gravity core,
which weights the tripping, hangs below and to the side of the piston core. In B the gravity
core penetrates the ocean floor, unweighting the tripping arm, which allows the piston core to
fall towards the ocean floor. In C the piston core has penetrated the whole length of the core
sleeve and is now directly attached to the main ship wire. The coring system is ready for
retrieval (image courtesy of the U.S. Coast Guard).
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Figure 18. The trigger core is lowered alongside the piston core. Attached to the top of the
barrel head (in yellow) is the trigger arm, which will set hy the trigger core once it hangs
helow the end of the core barrels (in orange entering the water).
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Figure 19. Once the trigger arm has been set the entire weight of the barrel head is supported
by the trigger lock. Once the trigger core penetrates the sea floor and becomes unweighted
the trigger lock opens, releasing the core barrel, which drives the core barrels into the
seafloor.
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Figure 20. A piston is run the lenth of three core liners placed with in the core harrels. The
piston is designed to reduce core deformation by maintaining water pressure at the
sediment/water interface as the core system penetrates the sea floor. Once the barrel head has
stopped falling the piston sepearates, assuring that cored sediments remain undisturbed.
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Figure 21. Pressures created by bringing the cored material to sea level were released by
drilling a small hole in the core liner at multiple locations. Some expansion cracking was
observed and is noted in the stratigraphic columns.
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Figure 22. The ten foot long core liners were separated into two, five foot sections and
labeled according to the convention described in the text.
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Figure 23. Once the core liners had been split, degassed, and labeled they were sealed for
transport, preserve their natural moisture content and minimize any post-extraction alteration
of the sediments.
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Figure 24. Core liners were split with two drills running circular blades. The blades only
disturbed the outer 5 to 10 mm of the cored material and care was taken to not sample this
close to the edge of the core line.
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Figure 25. Photos were taken under ultra-violet lights. Included with each photo was a
Munsell Color Chart, a scale and labeling identifying the cored section being photographed.
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Figure 26. A right hand rule convention was used while collecting samples for magnetic
analysis. Hash marks on the sample cubes were aligned with the backside of the fingers of
the right hand when the right thumb was pointed down core. The orthogonal axes, as they
correspond to the orientation of the sample cube are shown by the dashed lines that intersect
the hash marks and vertical orientation line on the face of the cube. Also included are the
dimensions of the cube, the 1/8 inch air hole that allowed air to escape during sampling, and
the removable lid; both of the latter were sealed in order to prevent desiccation of the
sampled material.
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Figure 27. Image A shows the seismic transects 10 and 11, along with the approximate
locations of core extraction. The image is referenced in UTM coordinates. Image B is
included to help reference the seismic transects to their position along the foreslope. It should
be noted that station 057 is located to the south of image A.
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Figure 28. Line 10 seismic transect coincided with the coring transect. The station positions shown above are assumed to be accurate
to within 150 meters, based upon operating issues with the shipboard GPS.

Figure 29. Line

11

seismic transect, which was located south of the Line 10, displayed a similar morphology.
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Figure 30. Samples for major and minor element analysis were chosen to examine changes in
downhole mineralogy that would affect NRM intensity and are shown in red. Included is the
depth of the sample below the seafloor. Samples were chosen for station 058 to examine
major and minor elements present at different levels of magnetic coercivity.
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Figure 31. Samples for major and minor element analysis were chosen to examine changes in
downhole mineralogy that would affect NRM intensity and are shown in red. Included is the
depth of the sample below the seafloor. Samples were chosen for station 067 to examine
major and minor elements present at different levels of magnetic coercivity.
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Figure 32. An investigation of thermomagnetic susceptibility revealed that all samples behaved similarly, with Curie temperatures
between 550 and 570°C

Introduction

Ferrimagnetic

Paramagnetic

Concentration (wt%)

Figure 33. Bulk susceptibility can vary considerably as a result of the concentration of
different minerals present in a sample. Ferrimagnetic material present in small quantities
produces magnetic susceptibilities on the order of magnitude of samples dominated entirely
by some paramagnetic material (Tarling and Hrouda, 1993).
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34. The frequency histogram produced by all 494 samples analyzed for low field magnetic susceptibility. The x-axis is
ited by bulk susceptibility in SI units. The y-axis shows the number of samples that were found to have the corresponding
f magnetic susceptibility
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Figure 35. The ratio of high field susceptibility over low field susceptibility plotted on a histogram shows that for all 427 samples
analyzed ferrimagnetic minerals are the dominant contributors to bulk susceptibility, contributing greater than 80% of the
measured susceptibility.
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Figure 37. High Field Susceptibility from cores determined to be dominated by pelagic
sedimentation (Stations 057 and 058).
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Figure 38. The plot above displays the uncorrected (A) and the corrected (B) hysteresis
behavior for sample 065cdd20, which is representative of all samples. In plot A, the slope of
the high field line is used o determine high field susceptibility, which since positive, is the
result of the paramagnetic carriers in sample. In plot B, the paramagnetic signature has been
removed, allowing the hysteresis plot to provide values of indicative magnetic parameters
such as coercivity and remanence. In both plots the shape of hysteresis is consistent with a
ferrimagnetic carrier with a small paramagnetic contribution.

Figure 39. Common normalized pARM intensity results for varying grain sizes, after Tarling
and Hrouda (1993).
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Figure 40. A pARM analysis identified two magnetic domain sizes. On the x-axis the pARM
magnetization steps employed are shown in milliTesla, while the ratio of maximum induced
magnetization over the magnetization induced over the corresponding window is plotted on
the y-axis. The plot above, referred to as bell shaped displayed to types of behaviors, one
with a spike over the 100-80 mT window (B) and the other without (A).
115

mT

Figure 41. A pARM analysis identified two magnetic domain sizes. On the x-axis the pARM
magnetization steps employed are shown in milliTesla, while the ratio of maximum induced
magnetization over the magnetization induced over the corresponding window is plotted on
the y-axis. The plot above, referred to as ramp shaped displayed to types of behaviors, one
with a spike over the 100-80 mT window (B) and the other without (A).
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Figure 43. Day Plots of high field magnetic parameters measured for cores determined to be dominated by turbiditic deposition. Along
the y-axis is the ratio of MJMs (saturation magnetization/saturation remanent magnetization) versus HcrIHc (remanent
coercivity/coercivity) along the x-axis (figure after Dunlop, 2002).
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Figure 44. Orthogonal plots of demagnetization paths for samples from three separate cores
and varying depth below the ocean floor. Demagnetization behavior and the resultant vector
for these three samples is representative of the entire sample population. Each sample has
been rotated to geographic north (Declination vector component is plotted as solid blue
circles) which allows the inclination component (plotted as open back circles) to be viewed
as a true projection.
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Determining Deposition Rates for a discussion of this variation). The following figure displays the remaining cores.
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Figure 46. Additional plots of natural remanent magnetization for Stations 066, 057 and 058, plotted downhole against depth. The
range of NRM intensity is largely uniform across all cores, while some intensity variations are seen downhole (see Magnetic Intensity
as a Tool for Determining Deposition Rates for a discussion of this variation).
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Table 2. The table above lists the Fisherian averaged declination and inclination determined
for all samples from each core section. Also included for each core section is the alpha95
value, the number of samples (N), the K value, and whether or not the data set is Fisherian.
The declination presented in this table was used to calculate the degree of rotation necessary
to reorient each core section to the common azimuth direction as determined from the VMO
record.
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Figure 47. Typical stereographic projections of paleomagnetic vector data from station 057,
separated by core section. The stereonet on the left includes all data from a given core
section, while the stereo net on the right plots the Fisherian mean of the data along with the
alpha 95 value. Listed on the right are.the Fisherian declination and inclination, alpha 95
value, k value, and the results of the Fisherian determination.
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Figure 48. The process by which core sections were rotated into geographic coordinates is
shown in box A. On the left is a stereoplot of the compiled, unrotated paleomagnetic data for
the entirety of core 057. The stereoplot on the right shows the Fisherian means for each core
section. Included are arced lines with arrows showing the degree of rotation required to align
the Fisherian means in geographic coordinates. Box B provides validation for the rotation
technique. The stereoplot on the left shows the compiled, rotated paleomagnetic data for the
entirety of core 057. Individual data points were rotated by the degree of rotation required to
align the Fisherian mean from the core section from which the sample was extracted. On the
right is a plot of the Fisherian mean of the rotated data. Also listed are the declination and
inclination, alpha95 and K values, and the Fisherian determination. The declination and
inclination agree well that observed from the Victoria Magnetic Observatory.

124

Figure 49. Each box shows stereographic projections of the rotated paleomagnetic vector
data for each core on the left and the Fisherian mean and alpha 95 circle on the right. Also
included is the Fisherian mean declination and inclination, alpha95 and K value, the result of
the Fisherian determination, and, in red, the position of the expected vector based on the
dipole equation.
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Figure 53. A coaxial mixing model of normal and inverse magnetic components, presented
by Rochette (1999) shows the normalized value of susceptibility for an east-west trending
lineation (Kx and Ky) and the pole to foliation (Kz). The stereonets at the base of the plot
show the resulting magnetic fabric for each domain.
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Figure 54. The results of a bi-directional partial anhysteretic remanent magnetization
investigation performed along the Z and X axis of samples from cores 057 and 058 show that
the majority of samples plot in the Z/X<1 field. This indicates that the long axis of magnetite
grains in these samples is oriented subhorizontal. Given this result it should be expected that
Kmin would be subvertical if the AMS fabric were normal.
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Inverse Fabric (Kmin<40°)
Kmin
Kmax
Kmax
Kmin
Kint
Kint
=
=

z=

Intermediate Fabric (Kmin & Kmax<40°)
Kmax
Kmax
Kint
Kmin
Kmin
Kint
=
=
=

Table 3. The table above lists the K axes inversions employed to correct for inverse and
intermediate magnetic fabrics based on the following parameters; when Kmin plunged less
than 40° and Kmax plunged steeper than 40° the fabric was considered inverse, when both
Kmin and Kmax plunged less than 40° the fabric was considered intermediate.
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Figure 55. The inclination of Kmm with depth is shown, along with the type of magnetic
fabric, normal, inverse, or intermediate, observed. Cores extracted from turbidic
environments (stations 059, 060, 066 and 067) displayed predominantly normal fabrics to
depths between 400-600 cm. Below this depth, nearly exclusive inverse fabrics were
observed (transition noted in green).
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lnclination(dcinvc%)

Figure 56. The inclination of K^in with depth is shown, along with the type of magnetic fabric, normal, inverse, or intermediate,
observed. Cores extracted from pelagic environments (station 057 and 058) all displayed normal fabrics to depths between 70-110 cm.
Below, a mix of normal, intermediate, and inverse fabrics were observed (transition noted in green).
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Figure 57. The inclination of Kmin with depth is shown, along with the type of magnetic
fabric observed at Station 065, which was the only core in which predominantly normal
magnetic fabrics were observed.
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Figure 60. The figure above shows the position along the foreslope from which cores were
chosen for magnetic fabric analysis. A dashed line demarks the position of the depositional
environment given their likely overlap and the poorly defined resolution of their spatial extent
and relation.

Stratigraphic Column Symbols
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Charcoal or Wood Fragments
Disnipted Section ofCore

Horizontal Fractiies or
seperaiions: po.ssilbly related
to adiabatic gas expansion

Silty Shale

i
Fine to medium grained sand
Core Upwarping
Fine to medium grained sand
interbedded with thin silt/shale
beds
)Q/

Shells or shell fragments

Fine grained sand interbedded
with silty sand beds

Disturbed, absent, or othenvise
compromised section of core

Core Washout

Clay

Interbedded fine to medium
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Figure 61. The symbols used in the stratighraphic columns presented in Figures # and #, as well
as in stratigraphic columns included in the accompanying data CD.

138

f

I

f;

r
!

Figure 62. Stratigraphic column of station 057 and 058. Zones of pelagic deposition were
interpreted from these cores based on location, secular variation intensity, magnetic fabric
analysis, grain size, and sedimentary structures. Stratigraphic columns are not to scale and are
shown only to exemplify sedimentary relationships.
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Figure 63. Stratigraphic column of station 059 and 066. Zones of turbidic deposition were
interpreted from these cores based on location, secular variation intensity, magnetic fabric
analysis, grain size, and sedimentary structures. Stratigraphic columns are not to scale and are
shown only to exemplify sedimentary relationships.
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Figure 64. Stereoplots of data from select areas of cores that were interpreted to be dominated by
pelagic deposition. Kmin is plotted as red circles while Kmax is plotted as blue squares. In both
stereoplots the data has been treated with the rotation factor (see the Core Rotations section) but
only the upper stereoplot has been treated for the presence of inverse and intermediate magnetic
fabrics. In quiescent depositional environments it would be expected that Kmin would cluster
near vertical and Kmax would be scattered in the horizontal plane. After applying the fabric
correction the data confirm this behavior and, in turn, act as field verification for the fabric
correction technique.
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Figure 65. Stereoplot of data from select areas of the cores that were interpreted to be dominated
by turbidite deposition. Kmin is plotted as red circles while Kmax is plotted as blue squares. In both
stereoplots the data has been treated with the rotation factor (see the Core Rotations section) but
only the upper stereoplot has been treated for the presence of inverse and intermediate magnetic
fabrics. In higher energy environments that Kmin becomes streaked parallel to the direction of
flow while Kmax becomes aligned perpendicular to flow in the horizontal plane. After applying
the fabric correction the data confirm this behavior and, in turn, act as second field verification
for the fabric correction technique.
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Percent Porosity

Figure 66. Percent porosity data for station 060 is plotted along with the normal compaction
curve (in red) after Davis and Elderfield (2005). Given the poor fit of the curve for all stations
the curve was adjusted to better fit the data and define zones of over-consolidation and under
compaction. See text for discussion of curve adjustment.
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presented in Figure 65. A positive relationship is at 690 and 850 cm where two zones of decreased anisotropy are associated with
increased porosity.
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porosity. This is underlain by a zone of decreased anisotropy, which is associated with coarse grained sediments and decreased, but
still elevated porosity. Similar to station 060, the basal fabric shape becomes lineated.
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Figure 73. Plot of sample porosity and anisotropy, along with symbolic stratigraphic section for station 057 using conventions
presented in Figure 65. Anisotropy does not very largely down hole. Decreased porosity at 110 and 210 cm is associated with slightly
decreased porosity. An inverse relationship is exhibited at 490 cm where increased anisotropy is associated with increased porosity.
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Figure 74. Magnetic field intensity data obtained from the Victoria Magnetic Observatory was chosen to compare against sample
relative paleointensity since the curvature of the plotted data gave reference for comparing the data sets. Insets show plots of the
magnetic field vector components X, Y, and Z. The linearity of the components with respect to time did not allow useful comparison
to the VMO data set.

56600

Figure 75. The effect on the measured magnetic intensity as a result of a secondary contribution
due to a CRM produced at a later date. A. If the orientation of the magnetic field is anti-parallel
in orientation to the original magnetic field then the resultant field vector will be a vector
subtraction of each individual field vector. The resultant magnetic intensity will be less than the
original field intensity at the time of deposition. B. If the orientation of the overprinting magnetic
field is parallel in orientation to the original magnetic field the resultant field vector will be a
vector addition of each individual field vector. The resultant magnetic intensity will be greater
than the original field intensity at the time of deposition.
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Figure 76. From left to right are plots of low field susceptibility (SI), high field susceptibility as a ratio of high field/low field
susceptibility, and pARM intensity]5.50 for stations 058 and 059. The behavior observed in these two cores is representative of all
cores. No correlation is observed between changing magnetic mineralogy and magnetic intensity, which indicates no significant
donwhole variations in magnetic carriers.
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Figure 79. Plots of downhole relative paleointensity, plotted as NRMis-so /pARMi5-5o determined as described in the text for Stations
066, 057 and 058.
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Figure 80. Data from the Victoria Magnetic Observatory plotted downhole assuming a range of
deposition rates proposed by Hart et al. (1993) for the Fraser Delta foreslope. Included is the
approximate age for a given depth for the assumed deposition rates.
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with the expected magnetic field intensity with depth based on data recorded from the Victoria Magnetic Observatory. Field intensity
is plotted assuming a range of deposition rates proposed by Hart el al. (1993). Relative paleointensity plots are organized from upper
left to lower right by increasing distance from the crest of the foreslope.
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Figure 82. Based on the results of the magnetic intensity analysis the proposed distal extent of
the foreslope affected by unconfined turbidites is demarked by the black dashed line. The lateral
extent of unconfined turbidites was not addressed in this research.
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